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i A METHOD OF CALCULATING THE PERFORMANCE OF 
COMPOUND SYNCHRONOUS MOTORS* 


I.M. POSTNIKOV 
(Received 13 November 1956) 


General characteristics of motors and of methods of connexion 


Kixcitation of synchronous motors through semiconductor rectifiers was first used 


_ in the U.S.S.R. in the DAG network [5]. This network was used for synchronization 


purposes, and the application of rectifiers fed from transformers was pl... sed; or in 
the case of the low voltage grid, rectifiers had to be connected directly to the grid. 
It proved later that the DAG system cannot ensure satisfactory workinz character- 
istics of synchronous induction motors (small maximum torque in the ase of in- 
creased load, low efficiency). 


The situation changes radically if we make use of compounding. Synchronous 
induction compounded motors, with a d.c. exciter (Fig.la) are widely used in 
foreign countries, particularly in England [3]. The use of synchronous induction 
compound motors without exciter but fed through a semiconductor rectifier was 


suggested by [uditskii [1] and Tsiganek [6]. 


In 1954, Inosov [2] proposed exciting a network (Fig.1b) with rectifiers fed 
from current transformers. This system was tested on experimental synchronous 
salient-pole machines, and quite satisfactory working characteristics were recorded 
(constant cos d, possibility of considerable overloading). Inosov and Krutikova 
gave a method of calculating the overload capacity and stability of these machines, 
as well as a method of calculating rectifying devices. At the same time, synchron- 
ous induction motors, constructed on this system, were investigated and calcula-_ 
tions of synchronous motors,using the AK series, were performed by a method. ci 
ferent from the method suggested by Inosov. 


Caiculations and tests showed that the use of rectifiers with a compounding 
device was expedient both for synchronous induction ~ tors and for synchronous 
motors. 


_ In the first case it is advisable to design these >stors on the basis of 
AK series for powers above and below 100 kW. In.. second case, for powers 
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less than 100 kW, it is advisable to design motors with mixed excitation on the 
basis of series generators ESG, SM and others; and for powers above 100 kW, on 
the basis of the unique series of big synchronous and asynchronous machines. 


FIG.1. Basic networks for connecting a synchronous @ 
induction compounded motor with a d.c. exciter (SIMC,) 
(a); and a synchronous induction compounded motor ex- 


cited through 4 rectifiers (SIMC) (b). 


The use of synchronous induction motors with compounding (abbreviated as 
SIMC; if the separate compounded exciter generator is used for excitation, it is 
convenient to introduce the notation SIMC¢)is economically justified in all cases 
when conditions of drive allow the use of synchronous motors. It is particularly 
desirable to use them when we have to start at heavy initial torques avoiding con- 
siderable current fluctuations; also where high reactances are present in the net- 
work, and consequently the increase of cos¢ is desired without introducing special 
compensating devices (condensers, synchronous condensers and others). 


The use of the excitation compounded network (Fig.2) for a normal salient- 


pole synchronous motor (SMC) is also recommended. In this case the absence of 
exciters makes the motor cheaper. 


Compounding permits us automatically to keep a high value of cos when the 
load varies, and to obtain higher annual average efficiency and higher torques for ~~_ 
rapidly varying loads. The use of compounded synchronous motors with separate 
exciters is recommended in the cases when the motor power is considerable and 
selenium rectifiers are less reliable than exciters. Nevertheless, with the im- 
provement of semiconductor rectifiers, they may also be used for high-power motors. 


The use of machines of SMC and SMC, types for powers less than 100 kW, 


based on the design of synchronous generators, needs an economic justification. 
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Lower cost of a set, due to the absence of an exciter,is partly offset by an 
increase in the cost of the motor itself, due to the introduction of an auxiliary 
winding on the poles and due to increased service costs in comparison with 
asynchronous motors. The use of SMC-type machines of power less than 100 kW 
18 justified in cases when economy, due to the increase of cos ¢, repays in two to 
five years their greater initial capital costs and additional operating costs com- 
pared with asynchronous motors. 


The use of SIMC-type motors of power less 
if { if than 100 kW may also be advantageous in the 


following conditions. In certain cases it may 


be necessary to decrease the power of the 
motor of a given size by 15-20 per cent or to 
use a better rotor insulation of an increased 
thermal and electric strength. The main ad- 
vantage of motors of SIMC type is that, with- 
out any change in the construction of series- 
made asynchronous machines, we may get 
synchronous motors by addition of compound- 
ing and rectifying devices. In the case of 
damage to these additional devices, the 
motors may continue working without interrup- 
tion as asynchronous motors, until the defec- 
tive rectifiers are repaired or replaced. 
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Methods of calculation for motors of 
SMC and SIMC type 


NyXs In carrying out the calculations, it is advis- 
able to begin with the existing types of syn- 
FIG.2. Basic network for connect- chronous and asynchronous machines. 
ing a compounded synchronous 
motor excited through rectifiers The main problems in calculations are: 
(SMC). (a) to determine voltages and currents in the 


system of excitation; 

(b) to determine parameters of current and voltage transformers and of rectifi- 
ers, that will ensure the required working characteristics of the motor and the 
necessary torques for overloads (with minimum dimensions of additional devices 
and sufficient service reliability); 

(c) to obtain the required calculated working characteristics of the motor, and 
a good efficiency-load characteristic for the given rectifier and transformer para- 
meters; 

(d) to determine overloading; 

(e) to verify stability; 

(f) to calculate conditions in starting and in synchronizing; 
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(g) to determine whether overheating of the excitation winding and of the 
rectifying device takes place. 


Inosov and Krutikova worked out methods for calculating the overload capa- 
city of SMC motors, for calculating rectifying devices and for selecting current 
and voltage transformers. Nevertheless, so far as the overload capacity and motor 
characteristics are concerned, these methods give wrong results in certain cases. 


The determination of the maximum torque, based on resistance, was given by 
Inosev by the formula: Mmax = U?/4a — b, where a represents the relative copper 
losses proportional to the square of the stator current at the rated current value, 
and b the relative losses in the stator steel. 


This formula is only valid in the case when the compounding device ensures 
the constancy of cos ¢ at limit loads, or, for low-power machines, when the over- 
loading capacity is determined mainly by resistance. 


Basic initial assumptions in choosing a practical 


In order to simplify calculations for both synchronous induction (SIMC type) 
and synchronous (SMC type) motors, it is expedient to start from the theory of a 
motor with a cylindrical rotor, i.e. to assume that 


In investigating general relationships it is advisable to neglect the influence 
of saturation on motor parameters, particularly in the determination of the limiting 
overload. 


Saturation may be accounted for by constructing Potier diagrams and a series 
of auxiliary adjusting characteristics (Fig.3). 


It is expedient to calculate motor operating conditions in the following way: 


(1) to determine by ordinary methods, experimentally or by calculation, stator 
and rotor parameters: (a) leakage reactances of the stator xs and of the rotor xf, 


Xd, %kq; (b) synchronous reactance, neglecting saturation xq and xgq = X%d-%s, 
(c) resistances of the stator r, and of the rotor "fr Td» Tkq3 


(2) to calculate or to determine experimentally characteristics in no-load and 
short-circuit conditions; 


(3) to choose a value of overload capacity (M, x); 


(4) to choose a value of cos gy at the rated load; 


(5) from the torque equation 


UE, , ESR 
M=— sin (0p) 


z 


for 0 +p aS to get: 
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UE, E? 
ae / max f max 
| UN ele ge ay LNG (1) 


For a given value of Mna,y from (1), the maximum value of the excitation e.m.f. is 


determined: 
Uz Uz \2 22 
Eee ae 2R _ Vy (se) — Max IBS (2) 


where z2=)Vx? +R’; x= xK,+%);3 


%] is the reactance of the line; rR=r,+ reg +rpt rf, the .sum of resistances of the 
stator winding, of the current transformer, of the rectifier and of the excitation 
winding, expressed in fractions of unity; 


(6) to have current in fractions of unity at M=M_., 


(3) 


0 04 08 12 16 2.0 24 28 


FIG.3. Determination of overloading and of working 

characteristics of motors SIMC and SMC, with satura- 

tion accounted for (1-6); characteristics in relative 
units constructed by Potier method. 
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(7) to have compounding factor 


paz fim Fw (4) 


(/max — !) %aa 
where, for cos Oy = 1 
Ew= Vv? + (Ix). (5) 


(8) to have e.m.f. Eto for the stator current equal to zero (Fig.3), (a conven- 
tional value), 


E —E 
, #max wy 
— ee eee 6 
Ei Emax? I max l ee ( ) 
and the corresponding excitation current 
, 
toh (7) 
fe Xed 
in fractions of the stator current; 
(9) to have transformation ratio of the current transformer 
en Bey pe! (8) 


c.t Ww) i L.3ly ’ 


where if (1) = iy Agd, the nominal excitation current from the rectilinear charac- 
teristics in amperes, corresponding to the e.m.f. 


Eva) =I ea (9) 


Factor 1.3 is the ratio of the rectified current to the alternating current (network 
in Fig.2); 


(10) to show that the number of the parallel connected disks of the current 


__ Fira 
( iy ’ 


where i) % 3.5-4A the current in one disk (d = 100 mm); 


(11) to find the number of parallel connected disks of the voltage rectifier 


7 

i,k 

fo“e 
y= nh 


where i) is the permissible permanent current in one disc; ky ¥ 1-1.5 is the load 


factor; if = Efo if §3 
(12) to show that the number of the series-connected disks of the voltage 
rectifier 


ae 

TE 

eh ped 18 2 
Ly = zr . 


oe > ana 
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where U; = 12-15 V, the permis- 
sible continuous back voltage 
across one disk; and rf is to be 
expressed in ohms; 


(13) to find the transformation 
ratio of the voltage transformer 
2.34Up ~ 2.34Up 


k Py = 19% ? 
iol + AUY . biol f 


where U, is given in volts, and 
r,in ohms; AU, © 2 ny is the 
voltage drop in the rectifier in 
volts; Factor 2.34 is the ratio of 
the rectified voltage to the alter- 
nating phase voltage (Fig.2); and 


(14) to find the number of the 


series-connected disks in the net- 


FIG.4, Hodograph of current of motors SMC 

and SIMC and determination of the maximum 

torque and of characteristics neglecting the work of Fig. 1b 
influence of saturation. 


ny = ny 
Construction of characteristics and determination of the overload capacity while 
taking into account saturation. 


We construct a series of auxiliary adjusting characteristics for different values 
of cos f, using the Potier diagrams (Fig.3). We draw the curve /y = f(1) and obtain 
the points of intersection a, b, c, d etc. Using the points of intersection we draw 
curves cos d = f(1) and m= Ul cos ¢-F? R, whence we determine the value of the 
maximum torque taking into account saturation (in Fig.3 for k = 0.4 and k = 0.8). 


Locus of points of the motor current while neglecting the influence of saturation. 


and accounting for it. 
Neglecting the influence of saturation from the diagram on Fig.4 we get: 


E, +- U2 — 2E,U cos § = (Iz)?. (11a) 
For E,=E,,+ kx ql =F, + kl we get: 
ky (Ey. — U cos 8) 


2 
22? — ky 


4 V | hy (Ey, — U cos 8) |+ Ey, + U2—2UE;, cos 8 


a —k 2? — k? 


I= 
(12) 


In this case E's, < U, 
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From equation (12), it follows that for k, = z, /=0. Therefore, it is necessary to 
choose k, < z. Usually in this case k © 0,8-0.9. 


The current hodograph may be easily constructed by points. For this purpose, 
on a curve Ir = f(1) [or Ey = f,(1)] we choose a series of values of / and the corres- 
ponding values of I. Striking from points 0 and 0, arcs of radius / and Ir = E,/z 


(Fig. 4), we find a point on the hodograph and the corresponding value of cos ¢. 
Plotting current values and cos ¢ taken from Fig. 3, we may plot a hodograph 
taking the influence of saturation into account. 


Angle - torque characteristic 


Characteristics showing the dependence of torque on the power angle @ (angle 
between the rotor and stator fields) may be obtained from the hodograph in Fig.4, 
in a form shown in F'iig.5. As may be seen, it differs slightly from the characteris- 
tic M = Myax sin 0, obtained at a constant excitation. If we assume a certain 
definite value of Mj,a,, then for the motors of SMC or SIMC types we may, in many 
cases, use the equivalent sinusoid of the torque (moment) as a function of the 
angle. 

Dynamic and static stability 


To determine the dynamic loads for 
normal non-compounded synchronous 
motors we use the method of areas. 
Both static and dynamic angle charac- 
teristics (with regard to extra currents 
in the rotor) may be used. By con- 
structing an angle characteristic for 
a motor with a mixed excitation 
(Fig.5), from Fig.4 we may approxi- 
mately apply the method of areas in 
this case as well. The influence of 
extra currents is to be accounted for 
with quickly varying loads, lasting 
not more than the time constant 7'’y 


FIG.5. Comparison of angle characteristics of transient currents; this may be 

for equal maximum torques. 1: for SMC and 

SIMC types; 2: for a synchronous motor 
with constant excitation. 


done in the ordinary way by replacing 
the synchronous reactance xq by a 
transient reactance xj and the e.m.f. 
Es by E fa. 

For a shock load, not exceeding the limit of static stability and remaining 
afterwards constant during a period of time considerably greater than 7%, we may 
disregard the extra currents and use a static angle characteristic. The additional 
limiting dynamic torque AM from the angle characteristic, which may be represented 
in a form of equivalent sinusoid in Fig.5, is the condition of equality of shaded 
areas, approximately determined by: 
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M 
AM = —=2x ( Se 
V2 : Mmax /* a3) 


The limit of static stability is determined by the curve M = f(@), But in this 
case we disregard the possibility of self-excited rotor oscillations. The problem 
of permissible values of compounding factors, which are restricted to the possibil- 
ity of oscillations, requires theoretical and experimental investigations. Investi- 
gations carried out by Inosov [7], are subject to criticism because they neglect 
the smoothing torque due to damping windings. 


Starting and synchronizing a motor 


If a motor with a mixed excitation is designed as an asynchronous motor with 
slip rings (for instance of AK type), then it starts as an asynchronous motor and 
usually has a sufficiently high subsynchronous torque. If in this case semi- 
conductor rectifiers are used they should be disconnected during the start. When 
an exciter generator is present, starting may be done without commutation in the 
secondary winding; i.e. as if starting a short-circuited asynchronous motor. 


If a motor with a mixed excitation is designed as a salient pole synchronous 
machine, it is necessary to include an additional winding for starting. In this 
case, if semiconductor rectifiers are used, the excitation winding should be con- 
nected to a suitable discharge resistance (in some cases it may be left open, if no 
danger exists of breakdown of the insulation of the excitation winding during the 
start). 


In practice, the idea of subsynchronous torque usually refers to the torque at 
the slip s = 5 per cent. [t is usually accepted that for synchronization, it is 
necessary that subsynchronous torque should be greater than the shaft torque at 
subsynchronous speed. Experiments and calculations given below show that a 
motor may be synchronized at initial slips greater than subsynchronous slip, for 
example so = 10 per cent and more, if the period of synchronization is correspond- 
ingly increased. Sometimes a slip, for which rotor windings are to be supplied with 
d.c., is determined from conditions of synchronization during the first hunting 


cycle by the Edgerton formula [4]: 


att! aalattnasil (14) 


This formula is not valid for determining self-synchronization conditions of 
synchronous motors with starting winding in cases of difficult starting, because it 
gives the value of a critical slip for synchronization during the first hunting cycle 
and does not allow the determination of the time for synchronization, in the case 
when So is different from ser given by (14). We may obtain a formula for ser that 
approximately takes into account the influence of the asyachronous torque, of the 
external load torque and of the rotor position, by an approximate solution of the 
equation of rotor motion. 
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Attempts at a rigorous analysis of a synchronization process of a synchronous 
motor lead to very complicated non-linear equations. Nevertheless, a solution, 
sufficiently accurate in practice in most cases, may be obtained if we neglect the 
influence of idle currents and torques and consider electromagnetic moments as 
known functions of @ and d@/dt. In this case, only one equation of motion is to be 
considered. 


The equation of the rotor motion may be written in this form: 


26 d6 
HT +05 +M,()=M,, (15) 


where H is an inertial constant in radians. The angle characteristic M, (6) may 
be approximately represented, disregarding parametric moment (torque), in the form 
of an equivalent sinusoid: 


M, (6) ~M,n,, sin 6. (16) 


From the previous discussion (see Fig.5), we may assume this to be true for ord- 
inary synchronous motors and for motors with mixed excitation, thus determining 


anak by (1). 


Damping torque per unit slip s = d@/dt may be expressed, disregarding the 
salient pole motor properties, as in the case of symmetrical multiphase rotor 
winding* 


, 
Ur, U2 
72, ° 

rece (1 +s°T; ) 
Here U,r, and x”q are expressed in fractions of unity; 

x 

Slee s 
Cy ———s 1 hers . 
ad 


For small slips s <1/T’g, the value of D may be assumed to be constant, i.e. 


(17) 


= 
773 
) 


jay ee ee, 
cet Oper 
C7 (ro + S2xq 


independent of the slip D ® ee or its mean value within a given range of the 
ry 


slip may be taken. 
Torque due to external load Mey, generally speaking, is a function of slip, 


but during the synchronization process within narrow limits of speed variation, it 
may be taken as a constant. 


For asynchronous starting, the torque M., (6) = 0, and the established slip may 
be determined as a function of Mey and D from the asynchronous characteristic 


(Fig.6); 


* For synchronous salient-pole motors D = Min, /0.05, where Mjy, is an input torque. 
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whence 


(18) 


At this slip, let us apply d.c. to the rotor. 
Let us consider conditions under which a 
motor will be pulled into step, and how 
long it will take. Conditions will differ 
according to the value of the initial slip 


3 So = Sg and the position of the axis of the 
& @2 04 Q6 Q8 10 rotor m.m.f. at the instant of switching on 
FIG.6. Asynchronous characteris- the current; i.e., according to the value of 
tics of motors SIMC or SMC and 6). The most unfavourable case will be 
determination of the established : ‘ 

when 0) = —2. Therefore, if a motor is 


slip Sp before switching on a d.c. 
poiery : ee : pulled into step in this case, then this will 


be so in all cases. To determine the conditions for synchronization we write 
equation (15) in the form: 


oo = (0), (19) 
where 
f (0) = + [Mex —Me (6) — Ds}. 


Here s = d6/dt is an unknown function of the angle 6. Equation (19) is solved by 
multiplying both sides by 2 d0/dt: 


d | d0\2 d§ 
ala | ~21O-@ 


where 6 
sp = 2) 7 0)-db= (20) 
60 


i) 
=4 i, [M,— M, (8) — Ds] dé. 


80 


Here so is a slip when ¢ = 0, i.e. at the instant when d.c. is switched on. This 
slip should be at least 1.5-2 times smaller, than pull-out slip, Sz =r,/xq. If 
switching-on takes place during established asynchronous running (characteristic 
in Fig.6), then 
Mex 
So = Sai yy Sk. 


From (20), slip s for M.(6) = Mmax sin 0 will be: 
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6 
ee Vz (m M naxe (COS § — cos 4p) +| (M,—Ds) as + s ’ (21) 
4 


Synchronization will be assured if the slip s becomes equal to zero at a positive 
value of the synchronous torque, i.e. at the beginning or in the middle of any posi- 
tive half-period of the sinusoid M,,,, sin 0, and this happens according to (21), 
when 5 


3o= / ae M ax (cos Oe — cos 6.) +4 (Ds ad ) 1 a6 | (22) 


We shall call angle 6 = 0, the angle of synchronization. Obviously, it will be 
equal to 


Gs = 2a xX a, (23) 


where X is an integer; 
pa 7 
roy 


Equation (22) enables us to find a criterion of pulling a synchronous motor into 
step. 


Let us consider the case when d.c. is switched on at 6 = —m. On condition 
that 0. =—7, a motor will be syncronized if, for any value of the angle of syn- 
chronization 0s=27X+ 7/2, corresponding to a positive value of a half-cycle of 
the synchronous torque, slip s becomes zero. From (22) it follows that for this to 
happen it is necessary that so should not exceed a certain value. Supposing 
0 =—m and 0 = Os, when O05 = 7/2 + 27X, we get: 


Os 


sV = \ Ds d9—[M_(9.+-7)+Mygy |: (24) 


—T 


Introduce the average value of the asynchronous torque during the period of 
synchronization: 


as 


Maov = DSqy = 4-43 “3 =f Ds db, (25) 
Pulling into step will be achieved if the work performed by this torque during 
the period of synchronization is greater than the sum of the work, performed by the 


external torque, by the synchronous torque and by the moment of inertia of the 
rotor, i.e. 
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(05+ 8) Dsqu>=5" + Mage + M,,(8, + #) = 
=A+M,(8,+n), 


where 
1 
A=-> Hs) + Myx » (25a) 
or alternatively: 
A 
Doe = = U. + Tv? 


(26) 


this means that the average asynchronous torque and the average slip should be 
greater than certain definite values. 


It is seen from (26) that the longer the process of synchronization (large 
number of periods of oscillations x), the smaller is the average synchronous 
torque required. 

For example, let us verify the possibility of synchronizing a motor, if # = 1000 
rad, so = 5 per cent and M,,,, = 2 for two periods of oscillations (X = 2) and the 

: 0.5 x 1000.0 x 0.057 + 2 
torque on the shaft M,) = 1. In accordance with (26) Dsg, = 1+ ETE 
= 1.2 where s» = 0.05 and M,, =1, we get D = M.S. =1/0.05 = 20. Therefore, 
the average slip should be not less than s,,, = 1.2/20 = 0.06; i.e. about 6 per cent. 
Is it possible to get such a value? 

The solution of equation (15) by the method of successive approximations, 
which is given below, suggests that the average slip during the period of synchro- 
nization varies within very narrow limits. In fact, the maximum possible slip 
occurs when 6)=— 7, and if we neglect the value of D from (21), when 6 = 0: 


4M : 
See / a + s>. (27) 


The average value of the slip for a half-period under these conditions will be: 


May 5 
Sau ai V H -- So. (28) 


For an infinite period of synchronization: 


Spee (29) 


Thus the value of Sqy lies within the limits: 


Save > Sav 32 So (30) 
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A more accurate value of the average slip may be obtained from (21). In fact, for 
an interval from -7 to 6, 


9 sin 6, 
Cn Ma (1 +4 5) + Ma —Di,) |e ee 
: (sav hen f 
If we introduce the square of the shape factor of the curve /’s; = aK then from 
(31) we get: S'av 
D (6,+ x) 
cet oa 
av DHE, 
ne Pe (32) 
D(Os+n) +r) |2 sin sin Os Din ( 
T . 
In this case, we may assume /*,p, © 1.1-1.2 according to Fig.7. 
aa § 
<< Noe 
FIG.7, Curves of relative slip-angle 9 (1) for D = 0; 
(2) for D = 20. 
Above we have determined the value Sg, for which during the interval from 9 = —7 


to 0 = Os, the slip becomes zero (equation (26)). Equating (26) and (32), we find 
for given values of D,H and so, the number of rotor oscillations: 


A 3 


plot —2ihen | /( (2M 
| ie ax ze ax CEES = BARE Go 
| (s “HAR, ia (% ie 2 ( HRS, “)| 


which is approximated to the nearest integer. From equation (33), it follows that 
the time of synchronization becomes infinite, if 
[2M max 


so. oS Sere 
Hk, 
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The last equation gives the limiting value of the slip for which synchronization 
of a motor is still possible. Inserting the value S,, from (34) into (33) and reject- 
“ag the term-%, we get: ; 

/ 28 2: 25 ee A 


m0[—[wmer ss +) (ema trea) | 9 


For the case, when 


| 2 2 J 2 
am (So FS, So) Be ae 


from (33a) we get 


ow 
| eee a a 
or 
= Dif? (Isto) Ober 
<5 | La (1— 2) m |: 35) 
where 
So 
&é=—— —,; —= 
Ser = 


A 
= 
a3 D (2m " >") (36) 
The time of synchronization from (36) is: 
Qnx + 1.5% 
i= ara ae [sec] . (37) 


In the above example we get, according to (26), (33), (36) and (37), when k’,;, © 1: 
A =% Hsi + Myax = % 1000 x0.057 + 2 = 3.25; 
D = 20; s»=0.05; Se, = 0,0632; X= 2.1. 
Using the approximate formula (35), we have 
€=0.79; m=0.5; X = 2.5. 


The average slip for x = 3 will be Sg, = 0.0569. Time of synchronization ts = 1.33 
sec. The approximate method given above was verified by solving equation (15), 
by the method of successive approximations. For this purpose it is convenient to 
decrease the number of equation constants by introducing the relative value of slip 


s 


(38) 


C= 


Wsw 


M 
where Woy = Vy aah , the angular speed of free oscillations of the rotor in a 
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magnetic field. The equation (15) assumes the form: 


Fat ka (o—oo) + sin 0=0, ; (39) 
where, 
Dosw So Mey 
ka = : = ee Aioee = mM. 
i Minax _ Dsw Mmax 


In the above example, 
D= 20; H=1000; Mmax = 2; So = 0.05; 
ka =0.53 op ¥ 1. 
If Msp, + Dso the equation (39) will have the form: 


= o0+kgo+sin 0= - NE, (40) 
or 

dw Bay ae 

qo + V 2a v wtsin 0 = m, (41) 
where, 1 anOne 


Fig. 7 shows the curve of the relative slip o. The solution for o neglecting D, 
i.e. when kyo = 0, is also given in this figure (curve 1): 


;——————— 
= —2 {sin Sd6 + m = 2(cosb — 60s) Fm (42) 
65 
In this case, equation (21) will have, in relative units, the form: 


La” Oo a ae 
o= V ») & 6— cos tet fim tya | + 3 ‘ (43) 
; & 


The analysis of equation (43) enables us to determine the criterion for entering 
into synchronization: 


= Tika 
kV2>m, of D>my/ — (44) 


Conditions for synchronization found above allow the solution of the inverse prob- 
lem: to find the value of the relative resistance r, of the symmetrical starting 
winding for a motor with an inertial constant H, torques M,,,, and Mex for the 
time of synchronizing ¢. For instance, let us take: H = 500 rad., Mch = 0.5, ts = 
sec. We determine the critical slip by formula (34) for 42,, = 1.2: 
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2M max __ 4 / _ 2-2 
aay eee Petia ws 


Mex 0.8 eee 


Verification by formula (33) when A = % x 500 x 0.07? + 2 = 3.25; Sey = 8.1 per 


cent, gives: 
k = 10.8. 


By the approximate formula (35), for « = 0.86, m = 0.25, we find x = 11.4. By 
formula (36), Scr = 0.76, and by formula (37) for x = 11 we have 
_ (2 x1 +15) 


LS Losec, 


0.076 x 314 


i.e. a value greater than assumed. Therefore, it is necessary to diminish so to the 
value So = 6 per cent and the resistance of the starting winding r, in the ratio 6/7, 
i.e. to the value of 12 per cent. 


The real conditions of synchronizing will be more favourable, since for 
switching on at 6) = —mn, the exciting current does not reach its full value instant- 
aneously due to the winding reactance, and the work of braking from — 7 to zero 
will be smaller. 


The experimental verification of the conditions determined above agree with 
results obtained in practice using the calculated data; the use of the above methods 
may therefore be recommended. 


Transiated by S. Szymanski 
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Electric rotary amplifiers with a cross and axial field belong to the class of quick 
acting and highly sensitive regulators. The rate of voltage increase of these 
machines, at a control power of a few watts, reaches a value of 1000-2000 V/sec 
at the rated voltage of 230 V; the voltage amplification factor varies within limits 
of tens up to hundreds of units. 


Investigations show that the amplifiers with an axial field have many im- 
portant advantages in comparison with amplifiers with a cross field. Multistage 
amplifiers with an axial field have higher amplification factors and efficiencies 
and can act more quickly [2]. 


An additional advantage of these amplifiers is their wide range of power out- 


put, which makes possible their use in high powercontrol systems as main ex- 


citers. It is known that the construction of high power amplifiers with a cross-field 
is limited by serious difficulties connected with commutation. 


Amplifiers with an axial field may-have one, two or more amplification stages 
according to the network and number of poles. 


The work of the amplifier with an axial field is discussed in a series of art- 
icles by Soviet and foreign authors [1, 2, 4, 5,6]. 


The three-stage rotary amplifier is at present the least investigated. Only a 
comparatively small number of works is devoted to its investigation [3,7]. 


Recently in the laboratories of the LETI, LYIMU and LIEZhT, a series of 
investigations was carried out on a three-stage amplifier with an axial field. 
Some of the results obtained are discussed in the present article. 


* Elektrichestvo, No. 3, 9-14, 1957, 
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The working principle of a three-stage amplifier 


A three-stage rotary amplifier with an axial field is similar in its construction 
to an ordinary d.c. generator. Its magnetic system, like the system of the majority 
of other amplifiers, is usually unsaturated, since a satisfactory performance of an 
amplifier, from the point of view of the quality of regulation-amplification and 
quick action, is possible within the linear part of the magnetization curve. The 


armature winding of the amplifier is of the lap type without compensating windings. 


Let us consider how the amplification stages are realized in a three-stage 


amplifier taking as an example a four-pole machine. Fig. 1 shows the network of 
this amplifier. * 


The basic four- pole flux @, in 
this amplifier is induced by a self- 
excitation winding S90 and an ampli- 
fying winding a. These windings are 
wound on four poles. Control wind- 
ings are situated on the poles of the 
same polarity for a four-pole exci- 
tation system (for example 1-3). 


Flux ®,, induced by m.m.f. of 
the control winding, induces a po- 
tential difference between brushes 
1-3 when the armature rotates. The 
armature network between brushes 
1-3 and the control winding consti- 
tute the first amplification stage, 
for which the input factor is the 
voltage, applied to the control wind- 
ing, and the output is the e.m.f. E ,,. 


The second stage of amplifica- 


FIG. 1. Network of a three-stage amplifier 


tion is produced by using the cross- 
reaction of the armature due to the 
compensating current i,,, which flows when the circuit of brushes 1-3 is complet- 
ed. The armature reaction flux ®,, induced by the compensating current 2 ,,, in- 
duces an e.m.f. E24 between brushes 2-4. The e.m.f. E24 is the output factor of 


the second amplification stage. 


The third stage is achieved by connecting the four-pole amplifying winding to 


* Interpoles are not shown on Fig. 1, 6 and 7. For a three-stage amplifier the number of 
sections of the interpole windings and the network of connections remain the same, as 


for a two-stage amplifier [ Ok 
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the brushes 2-4. The resultant output of this stage is the e.m.f. E, between the 
adjacent brushes. 


When the compensating current / ,, flows between brushes 2-4, a two-pole flux 
of the armature reaction is induced in the amplifier armature, this flux being direct- 
ed against the flux of the control winding. To neutralize this reaction a compensa- 
ting winding C, wound on poles 1-3, is connected in series with the amplifying 
winding. 


The load and the parallel self-excitation winding are connected to the mid- 
points of the network of brushes 1-3 and 2-4. When the amplifier is on load, the 
load current and the current of the parallel winding of self-excitation flow in the 
networks of the amplifying and compensating windings. 


To neutralize the influence of these currents on fluxes, set up by the compen- 
sating currents, windings a and c are arranged in such a way that for the compen- 
sating winding these sections are connected in series aidings and for the load 
current and the current of self-excitation they are connected in series opposing. 
The self-excitation winding of the amplifier is adjusted to a resistance near to the 
critical. 


For Ree = Ree. we can assume <(cf. straight line, Fig. F), that the volt- 
ampere characteristic of the self-excitation winding coincides with the rectilinear 
portion of the magnetizing curve. For R ,. = Rse.¢,, m = const., and in the absence 
of an input signal, the amplifier is not self-excited, and its output voltage may 
assume any value within the limits of the rectilinear portion of the no-load charac- 
teristic in the case of idle running, or of the load characteristic, if the load is 
present. For open circuit conditions of the amplifier and with manual control, the 
voltage required on its terminals, for such an arrangement of the self-excitation 


winding, is obtained by voltage impulses applied to the control winding. 
E554 


lwgm IWse 


FIG. 2. Characteristics of idle 
running (1) and on -load (2) for 
R, =const. 
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In the closed loop system the change of voltage is realized by means of a 
measuring device and a feedback coupling. An amplifier, working on load near the 
critical value, can be considered as an astatic regulator. Investigations which 
have been carried out [4] show that the work of the amplifier under these conditions 


is entirely stable, while, from the point of view of the stability of the amplifier 
itself, this occurrence is the limiting case. 


An amplifier with an axial field can work with the resistance of the self-ex- 
citation winding se above the critical value, if the volt-ampere characteristic lies 
above the magnetization curve. Under these conditions it may be considered as a 
static regulator: for a definite value of the current in the control winding there 
corresponds a strictly determined value of the output voltage (lines A and B, 


Fig. 2). 


A comparison of qualities of three- and two-stage 
amplifiers with an axial field 


In comparing qualities of rotary amplifiers it is customary to consider their 
amplification factors and their ability to respond quickly. The notion of the static 
amplification factor may be applied to an axial amplifier; it has a theoretical mean- 
ing in the arrangement of the circuit of the self-excitation winding to a resistance 
larger than the critical one. 


Considering an amriifier as an unsaturated machine and using the well-known 
relationship between a.m.f. and e.m.f., we may establish the relationship between 
e.m.f, at the amplifier output E,, and the voltage U,, applied to the control wind- 
ing. The equations of e.m.f. and m.m.f. of a three-stage amplifier, for the steady- 


state conditions, are: 


(a) for the first stage 
E\3=c®, = — Iw; (1) 


U E 
c 24, 
1W\3= 20, rar 


(2) 


(b) for the second stage 
C 
E,,=c®,= 5 [Wasi (3) 


o 113 ; (4) 
(c) for the third stage 
E,;=c®,=— Iw; (5) 


Ex Ey 
Iw, 20,701 2.7 (6) 
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where Iw,,, Jw,, and Iw, are the m.m.f.’s of the first, second and third amplifying 


stages; 
c factor of the proportionality between the e.m.f. and 
the flux; 
a the factor of the proportionality between the m.m.f. and 
the flux; 
ics ise, tx, ta, | Currents in the following windings: control, self-excita- 


tion and in the circuits of brushes 1-3 and 2-4; 
To, Tse, Vise "14 resistances of the following windings: control, self-ex- 
citation, and in the circuits of brushes 1-3 and 2-4; 
w, w, w,, w., number of turns per pole of the following windings: con- 
trol, amplifying, compensating and self-excitation; 


N : ya 
Wa= 16 equivalent number of turns of the armature winding per 
pole; 
N number of active conductors of the armature winding, 


€ =2Wceo — 2 wg, degree of compensation of the armature reaction due to 


2w, the compensating current 7,,. 


Solving equations (1—6) with respect to FE, and dividing both sides of the 
formula so obtained by U, we have the following expression for the amplification 
factor of a three-stage amplifier. 


(g 
Ke Ey KeKiK,- 
U, (1 a Teen! ae KK) : (7) 
where 
iS 

BiG ; Wat ; cee : 

c eee: Gri," ~“* ary 
K neeeyf : eid 
se Grea. ? 2 ary ° 


Similary we get the expression for the amplification factor of a two-stage amplifier 


Ree KKall+Kop) 
(1K, (1+ Kopf aK Ks) ” 


where 1 Wwe 2w.c  2w,¢ (8) 
K,= —*; Ki = ——; Ky =; 
arg 13 arn 

5 tho pt 

op arog y 
€, = 2Wa — 29 ¢, = 2wg— Iwo . degrees of compensation of the arm- 
**” ature reaction due to the compensat- 

2Waq 2Wa 


ing currents f,, and i,,. 
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From the above formulae (7) and (8) we find the expression for the ratio of the 
amplification factors of two- and three-stage rotary amplifiers with an axial field: 


K _ Ky (14+ Kop+ eK )Ky 


“kh Teste 9 
K (1 — Ki Kye) (1 -+ Kp) ”) 


In the case of total compensation of the armature reaction, when € = €, = €,=0, 
ratio K/K ‘corresponds to the amplification factor K, of the second stage of a three- 
stage amplifier. The value of this factor is of the order of a few units or tens of 
units. This fact shows that it is possible, for a given set of conditions, to obtain 
a much greater voltage amplification in a three-stage amplifier than in 2 two- 

stage one, and consequently a much greater power amplification. 


In the case of undercompensation of the armature reaction, K/K’ < K,. The 
nature of the influence of the degree of compensation on the amplification factors 
of the amplifiers in question is shown in Fig. 3, inthe form of a curve K/K ’=f(6). 
This curve is plotted for the linear part of the magnetization curve by using 
the data from an experimental amplifier, assuming that « = «, = ¢«,. Usually the 
undercompensation of the armature reaction in the amplifier with an axial field 
does not exceed 1-6 per cent. For these values of E the amplification factor of a 
three-stage amplifier is 2.5-5 times greater than the a.f. of a two-stage amplifier. 


When the amplifier works 
as an astatic regulator, i.e. 
when the circuit of the self-ex- 
citation winding is arranged for 
a resistance equal to the 
critical one, the notion of the 
static amplification factor be- 


comes meaningless, since un- 


der steady-state conditions the 
FIG. 3. The influence of the degree of compen- 


sation on the ratio of amplification factors of 
two-stage and three-stage amplifiers. 


intermediate stages do no work. 
To evaluate the quality of an 
amplifier working under these 
conditions, we usually introduce the conception of the minimum control power and 
of the dynamic amplification factor. As a minimum control power we usually accept 
such a value, for which an amplifier begins to reverse its polarity. The value of 
the minimum control power characterizes a region of the amplifier insensibility 
and is determined by the width of the hysteresis loop. The minimum control power 
of existing amplifiers with an axial field is of the order of milliwatts. 


The dynamic amplification factor is determined as a ratio of the rate of in- 
crease of e.m.f. at the output of the amplifier to the value of U, of the voltage 
applied to the control winding; it characterizes the speed of the amplifier reaction 


to a unit disturbance. 
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Under conditions of total compensation of the armature reaction by the com- 
pensating current i,,, and neglecting the saturation and the reaction of commuta- 
tion currents, we may write the expression for the dynamic amplification factor in 
the following form: (a) for the three amplification stages 

aE, 
wg aye ee (10) 
dyn U, wi oes Pee 


where 7, and 7,, are time constants of the amplifying winding and self-excitation 


winding; 
(b) for the two amplification stages 
dE, (2) 
Ke et Kee 
Lamia Figs 7 (Pr 
The ratio of these two factors 
and also the ratio of the ampli- 
fication factors correspond to the 
amplification factor of the second 
stage of a three-stage amplifier; 
al = K, (12) 
dyn 
The comparison of the quick 
FIG.4. Curves of a transient process for three operation of the two- and three- 


(1) and two (2) amplification stages (¢.,= 75 mA). stage amplifiers with an axial 


field was carried out on the experimental model of 1.8kWpower, U; = 60 V, I;= 
30 A, n = 1450 rev/min. 


This amplifier, constructed in accordance with the design of the ordinary d.c. 
generator model PN, was made so that it was possible to arrange either two or 
three amplification stages by changing the winding connexions. This was done 
in order to carry out comparative tests under the same conditions. In both cases 
the resistance of the self-excitation winding was adjusted to its critical value. 
The same control winding was used (r, = 300). The transient processes were 
recorded by an oscillograph at U, = const. 


The results of these comparative tests are shown in Fig. 4 and 5. 


Fig. 4 shows the curves of the transient processes, plotted on the basis of 
oscillogram data, for two- and three-stage amplification, for the same degree of 
compensation of the armature reaction ¢ = 5.5 per cent, and the same control cur- 
rent equal to 75 m A. Fig. 5 shows the main values of the rate of increase of the 
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e.m.f. at the output for various values of currents in the control winding. 


zc fae 


FIG.5. Rate of increase of e.m.f. Es 
atthe output for three (1) and two (2) 
amplification stages. 


FIG.6. The network of a two-stage amplifier with 


an oxide field. 


From the above experimental data it follows that, for the same magnetic system 
and for approximately the same weight of active materials and for the same values 
cand /,the rate of increase of the e.m.f. at the output is approximately 2-2.5 
times greater in a three stage amplifier than in a two-stage one. 


Amplification and quick response are not the only criteria in the evaluation 
of amplifier qualities. It is necessary to consider such properties as the tendency 
to oscillate and the complexity of the networks. 


A three-stage amplifier in comparison with a two-stage one has a greater ten- 
dency to oscillations and to self-excitation, which is due to the increase in the 
total amplification factor and the phase delay. However, experimental investiga- 
tions showed that the working of a three-stage amplifier may be quite stable; pos- 
sible causes of instability, which are common in the amplifiers and were compared 
(magnetic asymmetry, accelerated commutation and over-compensation of the 
armature reaction) may be entirely eliminated, or their influence reduced to a 


minimum. 


The influence of magnetic asymmetry in an amplifier with an axial field may 
be compensated by varying the value of the resistance of the self-excitation wind- 
ing, of the degree of compensation of the armature windiug, and also by increasing 
the air gap [3]. For the adjustment of the requited degree of compensation of the 


armature winding, we use a variable resistance, which is connected in parallel to 
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the compensating winding. The commutation adjustment is done in the same way 
as in an ordinary d.c. machine. 


In comparing the networks of the two- and three-stage amplifiers(Fig.6, 1) we 
may point out that a three-stage amplifier has a somewhat simplified network. In 
a two-stage amplifier the armature reaction, due to the equalizing current ¢,,, must 
be compensated rather accurately by the compensating winding co, and by the 
series opposing winding op, wound on poles 2-4, whereas in a three-stage ampli- 


fier this reaction is used for further amplification, and the additional windings 


co, and op on poles 2-4 are absent. 


FIG.7. Simplified network of a three-stage FIG.8. Characteristics of an experi- 
amplifier. ~ mental three-stage amplifierof 5.5 kW 
power. ]- characteristic idle running 


2 = for Ke =) 1.7 OQ: 3—for R, =0.83 | 


This last feature permits a further simplification of the network of a three- 
stage amplifier as well as a reduction in the number of windings on poles 1-3; this 
is very desirable in order to improve the conditions of the distribution of control 


windings. The arrangement of the amplifying winding as shown in Fig. 7 may also 
be recommended. 


As distinct from the network shown in Fig. 1 here the sections of the amplifying 
winding @ are situated only on poles 2-4, but, since these windings are connected 
in series opposing, a four-pole excitation flux of the third stage is produced. This 
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method of connexions was used on two experimental models of 4-5.5 kW power, 
constructed basically according to the design of the machine model PN- 100. 


Fig. 8 shows the characteristics of the idle and load working of one of these 


amplifiers of 5.5 kW power, running under conditions of astatic regulation. 


Conclusions 


(1) A three-stage amplifier has a number of advantages in comparison with.a 
two-stage one. Its response is quicker for the same control power. For the same 
speed of response, a three-stage amplifier is controlled by a smaller power. 


(2) A three-stage amplifier has a simpler network than an amplifier with two 


See eee Ones. Translated by S. Szymanski 
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SPEED CONTROL OF A D.C. MOTOR FED FROM A MAGNETIC 
AMPLIFIER * 


V.D. AFANAS’EV and IVOBOTENKO 


Central Scientific Research Institute for Machine Technology 
(Received 18 October 1957) 


In automatic control systems of electric drive, controlled small-power motors are 
being used more frequently; they constitute an integral part of control systems. 
The use of magnetic amplifiers for the feeding of these motors may ensure their 
speed control within large limits, and enables us to obtain rigid mechanical 
characteristics, similar to the characteristics of speed control in the generator - 
motor system. For this purpose it is necessary to choose an appropriate magnetic 
amplifier and a control system with a feed-back. 


Simple methods for designing such systems are of considerable practical 
importance, provided they enable us to find characteristics with sufficient ac- 
curacy for practical use, and to determine the necessary parameters of the control 
networks. 


The method described below is an approximate but very simple method of 
calculation; it permits the easy determination of the mechanical characteristics 
of the system amplifier - motor using the catalogue operational characteristic of 
an amplifier, which gives the dependence of the mean load current upon the 
magnetization current at the nominal load resistance. 


l= f W,) and Rie Ky. 


For calculations of the static characteristics of a d.c. low-power motor, fed 
through a magnetic amplifier from a grid of line frequency, we may neglect the 
armature inductance and replace it by an equivalent resistance. 


Un ke pn (1) 
R, = eae + Re 5 
m I 
m 


* Elektrichestvo, No. 3, 14-19, 1958, 
28 
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where U,, and I, are the motor voltage and current, 


R, is the armature resistance, 
n is the speed of rotation; 

db is the excitation flux; 

k, is the motor constant. 


The equivalent resistance Re may be easily determined from formula (1) for 
the given arbitrary operational conditions of the motor. If the amplifier charac- 
teristic, obtained for a load resistance R = R,, is available, it is possible te 
determine the magnetization current corres ponding to the given conditions (n, /,,) 
of work of the motor. Thus the problem is reduced to obtaining the artificial char- 
acteristics of the amplifier running at different load resistances, differeng from 
the nominal value of the load. 


For calculating the necessary artificial characteristics of an amplifier we 
shall use the notion of its universal characteristic [1]. We shall construct the 
amplifier characteristic in relative units, but not as a function of the total magne- 
tization current, [1], but as a function of the control current, i.e. taking into ac- 
count a positive feed-back of the amplifier. 


0 ] 0 
(a) Ped) 


FIG. 1. Characteristics of a magnetic amplifier (a) in absolute 
units (b) in relative units. 


Let the curve in Fig. la represent a catalogue or an experimentally obtained 
working characteristic of the amplifier in nominal conditions. We replot the 
amplifier characteristic in relative units (Fig. 1b), 


ff eee ene (2) 


where /, ], are the current values in absolute units 
Unit values of currents are: 


Ux F 
3 
ri Ee w1 
Cols kw.’ 
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where U is the effective value of the applied voltage; 

R is the total resistance of the load network, including the resistance of 

rectifiers and of amplifier windings; 

is the number of turns of the a.c. winding; 

is the number of turns of the control winding; 

1 is for networks with a series connexion of windings w,. 

=2 is for networks with a parallel connexion of windings w, and networks 
with an internal feed-back. 


lu 


c 


With sufficient accuracy we may assume: 


I, 


r= Imax 
where |, is the maximum value of the load current(according to the nominal 
amplifier characteristic, Fig. la). 

We determine unit resistance of the load network where the amplifier saturation 
is: 


U 


tas arenas (4) 


By changing the load resistance by AR, we determine the unit resistance, cor- 
responding to another value of load resistance Ryy = R+A R. 


(R, y Mn ne R, u -- AR, (5) 


whence the new unit values of current will be: 


Riu 

(, one y ee (6) 
R 

aire Fe 14 


C-4 (Ri ud 


Choosing a certain value of the control current /,, we determine its new value 
in relative units: 


n= Cae (7) 
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From the amplifier characteristic in relative units (Fig. 1b) we find the new 


| relative expression for the load current (1,)jj, corresponding to (/,) ty, and then its 
absolute value. 


Cn = (1 at Geir: (8) 
Thus we have found the value of the load current for the new value of the resist- 


ance (R)jj, corresponding to the control current /,. In this way we may construct 
artificial characteristics of an amplifier for different values of the load resist- 
ance R, 


In determining (R,,,)jjin formula (5) we neglected the variation of value 
resistances with the variation of unit current, since usually it does not exceed 
a few per cent of the total resistance R,,,. For large variations of R it is neces- 
sary to take into consideration the variation of valve resistances from the curves 
valve resistance-load current. The minimum current /,, at the output of the am- 
plifier is determined by its inductance x,,, which is considerably greater than 
the load resistance R. Therefore in varying R, current /,. remains practically 
unchanged. 


The part of the artificial characteristic of an amplifier, in the region of 
minimum currents, has to be constructed while taking this fact into account. For 
every value of R, the universal characteristics of an amplifier in the region of 
minimum currents will be different (dotted curves on Fig. 1b). 


If we assume, as is recommended [1] that the minimum current /,4 of the 
linear portion of the amplifier characteristic is equal to 1.55 /,o, then the portion 
of the characteristic in relative units between /,, and 1, can be approximately 
obtained by joining it smoothly with linear portions of the characteristic. 


Fig. 2 shows experimental and calculated characteristics of the magnetic 
amplifier model PMU -1 for different values of the load resistance. The network 
of the amplifier connexions during the tests is also shown. 


From Fig. 2 it follows that there are differences between the calculated and: 
experimental values of characteristics of up to 10 per cent. Nevertheless, taking 
into account that the dispersion of characteristics is unavoidable, owing for ex- 
ample to the instability of rectifiers, we may assume that the method recommended 
for constructing artificial characteristics of an amplifier, while varying its load 
resistance, gives sufficiently accurate results in practice. Calculations for 
other amplifiers give similar results. 


Construction of artificial characteristics of an amplifier, in varying resist- 
ance R, may also be carried out, as a first approximation, using as a basis the 
condition that, for a constant control current /,, current /, at the amplifier out- 
put varies inversely as the unit load resistance R,,, of the load network, i.e. 


Ru | (9) 
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FIG. 2. Experimental and calculated characteristics of the amplifier 

PMU-1 (U~ = 55 V, w, = 250; wee = 220; w, = 450, selenium rectifier; 

into each leg of the rectifier two disks were series-connected, of d = 

100 mm. — experimental characteristics; — — — calculated char- 

acteristics (calculations in relative units); —.—.—. calculated char- 
acteristics (calculations by formula (9). 


This method of verifying calculations gives satisfactory results only for 
the working portion of the amplifier characteristics. Utilization of amplifier arti- 
ficial characteristics, obtained by this method, in replacing an actual motor load 
by an equivalent resistance, calculated from equation (1), permits the easy de- 
termination of the mechanical characteristics of the amplifier-motor system as 
well. 


Experimental verification of the possibility of replacing an actual motor 
load by an equivalent resistance was carried out in the following way. 


The amplifier was assembled from three magnetic amplifiers, model BKN-1, 
in a three-phase bridge circuit. Characteristics were taken for different values 
of load resistances (dotted curves on Fig. 3). Then the armature of a d.c. motor 
(110 V, 9A, 4500 rev/min, was connected into the network instead of the load 
resistance (Fig. 4). 


A rotary amplifier was used as the load, on the motor output shaft; the load 
was varied by using the resistance 9R. 
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TABLE 1. 


For control currents -10, -5, 0,5 and 10 mA, the load on the motor shaft was 
so chosen that the magnetic amplifier current was equal to the current correspond- 
ing to the load resistance. 


The results of the measurements of the motor speed (k, ¢ = 0.022 V rev/min, 
R, = 1.0 Q) and of calculations of the equivalent resistance R, from formula (1), 
shown in the table, confirm the possibility of replacing the motor by an equivalent 
resistance R,. The error due to this lies within the limits 0-7 per cent. Experi- 
ments, which were carried out with other magnetic amplifiers and motors, gave 
similar results. 


Thus, the replacing of a motor by equivalent resistances and constructing for 
these values artificial characteristics of the magnetic amplifier for different load 
resistances permit us to calculate the drive static characteristics. 


The analysis of expression (1) shows, that the amplifier characteristics, 
obtained for a certain value of load resistance R, is the locus of points, for 
which the motor speed n is proportional to the load current /,. 


Amplifier characteristics for different values of R enable us to solve a series 
of other problems. Thus, for a constant magnetization current /,, and choosing 
different load currents /,, we may easily find by equation (1), putting R = R,, 
corresponding values of the motor speed, i.e. we may easily construct the motor 
speed characteristic n = f (/,,) for a given magnetization current /, of the ampli- 
fier. 


We may also solve the inverse problem: to determine the magnetization cur- 
rent, necessary to keep a constant speed n, when the load current of the motor 


varies. 


The constant speed curves on Fig. 3 are shown as continuous lines. 


Having obtained these relationships we may calculate the feed-back para- 
meters, and the feed-back coupling will automatically maintain the desired speed 
of rotation. As follows from formula (1) and Fig. 3, the constant speed charac- 
teristic intersects the amplifier characteristic. This means that for a constant 
speed of rotation, a decrease in the equivalent resistance R, corresponds te an 
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FIG. 4. Network for feeding a motor from magnetic amplifiers assembled in a 
three-phase bridge circuit. 


increase in the motor current. 


The constant speed characteristic may be considered as a straight line only 
in a restricted part of the curve. In the region of maximum and minimum currents 
this characteristic is obviously non-linear. 


Comparison of the amplifier characteristic and the constant speed charac- 
teristic of the motor shows that by using linear feed-back in the amplifier-motor 
system we may obtain rigid motor speed characteristics, while varying the motor 
load within those limits of the amplifier characteristic, which are approximately 
rectilinear. Strictly determined values of the feed-back amplification coefficients 
correspond to this region. 


From Fig. 3 we see that the constant speed characteristics have different 
slopes with respect to the coordinate axes: for greater speeds they are less steep. 
Hence, it follows that for the same range of load variation (/j;, — Imax) to main- 
tain a high constant speed we need a greater variation of the magnetization cur- 
rent than to maintain a smaller speed. Therefore, an invariable feed-back coup- 
ling in the amplifier-motor system does not ensure the constant characteristic 
rigidity of the motor at all speeds. If the feed-back network is designed to obtain 
rigid mechanical characteristics of the motor for certain mean speeds, then with 
the increase of speed the rigidity of mechanical characteristics will decrease, 
and with the decrease of speed will increase. In the latter case with the load 
(current) increase the motor speed may increase. Therefore, to ensure rigid me- 
chanical characteristics of the motors a positive feed-back of current is not suf- 
ficient. Besides a positive feed-back of current, it is necessary to provide also 
for a negative feed-back from the motor voltage. 


36 Speed control of a d.c. motor 


FIG. 5. Network for feeding a motor from magnetic amplifiers assembled in the 
three-phase bridge circuit with feed-back current and current couplings. 


Experiments show that in networks with a magnetic amplifier, provided with 
an internal feed-back, it is necessary to use an additional small winding for ex- 
ternal positive feed-back of the current in order to increase the coefficient of 
the positive feed-back of current by 3-5 per cent; in this way the realization of 
the negative feed-back from the motor voltage is facilitated. 


Fig. 5 shows the network for feeding a d.c. motor in the amplifier-motor 
system with a positive feed-back of current and a negative feed-back from the 
motor-voltage(motor data: U= 110 V, I= 9A, n = 4500 min; magnetic amplifier 
model BKN-1). 


The potential difference between the motor and the control potentiometer 
1 R, was applied to windings 51 — 5k, ie. they were used simultaneously as 
control windings and as the feed-back windings from the motor voltage. As 
follows from Fig. 6, feeding of the motor in network 5 ensured the obtaining of 
rigid mechanical characteristics within the regulation limits 10: 1 (dotted curves). 


In feeding the same motor from the amplifier BKN-1, connected in a single 
phase and with the use of similar feed-back couplings (for different values of 
feed-back amplification coefficients), rigid mechanical characteristics of the 
motor could not be obtained, for the same range of speeds and loads. This is due 
to the fact that the equivalent motor resistance R,, under given conditions, cor- 
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FIG. 6. Experimental characteristi¢s of a motor connected 

in the network of Fig. 5. Up is the voltage of potentio- 

meter IR; 1 for coefficient of current feed-back 

equal 1; 2 — — — for coefficient of current feed-back equal 
1.026. 


responded to the work of the amplifier in the region of non-linear portions of the 
constant speed characteristics (Fig. 3). 


Thus a proper choice of the amplifier is very important, to obtain the required 
characteristics of the drive to be controlled. Besides general considerations, the 
fundamental problem in choosing a magnetic amplifier for feeding a motor is a 
choice of an amplifier with a proper nominal load resistance. On the basis of the 
above discussion we may conclude that, if the nominal load resistance of the 
amplifier is equal or nearly equal to the equivalent resistance R, of the motor, 
for its nominal current and a certain mean speed, then the conditions for obtain- 
ing rigid motor characteristics will be most favourable. Nominal amplifier resist- 
ance R, should lie between the values of the equivalent motor resistance R, 
for two sets of conditions: (a) /.4,, “max and (b) Imin» @min- If R; is consider- 
ably smaller than R,, corresponding to /,,,, and Mmax, or considerably greater 
than R, corresponding to /,jn and Mmin, then obtaining rigid characteristics 
will be difficult: in the first case in the region ],,.,, nay, and in the second 
case in the region /,,;,, Mmin- According to concrete requirements the neces- 


sary value R,; may vary somewhat within specified limits. 
Translated by S. Szymanski 
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MODEL INSTALLATION FOR REMOTE CONTROL OF ELECTRIC 
PARAMETERS IN ARC FURNACES* 


-Yu.E. EFROIMOVICH 
(Received 21 June 1957) 


A system of automatic remote control of the parameters of the secondary winding of 
electric arc furnaces, of arc voltage and of useful power in each phase is necessary 
for the application of rational methods of regulating the complex technological pro- 
cesses of melting steel in these furnaces. 


The solution of these problems is possible by using special model installations; 
a characteristic feature of these installations is the electrical relationship existing 
between the model and the object under investigation. 


The theory and principle of mode] installations 


Fig. 1 shows two equivalent networks of a three-phase electric furnace installa- 
tion. In Fig. 1 the e.m.f. of the mutual induction ej = Mj diz/dt is taken into account 
by introducing two suitable generators with negligible impedances. In Fig. 1b, their 
influence is accounted for by a proper choice of the phase inductances of the secon- 
dary network [3]. According to Fig. lb and [3], the arc voltage in any one phase will 
be: di, u ' ; 

i, — La — (Uo — 49) — Uy, (1) 


aa nei dt 


Kei 
where 

. , 
1 diy 1 dig, L'=M — Mp3; L,=M,,.— M3; 
ig te: 1 12 23) 2 12 13) 
Uz; is the secondary voltage ith phase of the furnace transformer; uw, u& are respec- 
tively: potential difference between zero points O of the metal in the furnace, or O of 
the installation equivalent network and the zero voltage point of the secondary of the 


Me , 
u, —u=L 


transformer. 

Fig. 2 shows the basic network of the model installation for measuring resist- 
ances 7j,,; and inductances Lj; of the phases of the secondary network, voltages on 
arcs e,; and differences between mutual phase inductances L, and Ly. In the upper 
part of this figure the furnace transformer TF, the furnace itself and the secondary 
network, which feeds the powerful furnace arcs, are shown diagrammatically. The 
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FIG. 1. Equivalent network of a three-phase-.arc furnace, r, and /, arc phase resistance and 
inductance of a furnace transformer; rj, and L 4,; the same but for a phase of the secondary; 
Are; and AL e; the same but for the electrode section situated inside the furnace; Li ci the 
inductance of the i-phase; e ;, the e.m.f. of mutual induction, induced in phase & by current 
and i; the voltage and current of the ith phase. 


in phase i; e,, 


equivalent model of the secondary network of the installation, corresponding to the 
network on Fig. 1b is shown below. 


Let us assume that the values of the parameters rj.,; and Lj.,; of the model are 
made equal to the instantaneous values of resistances and inductances of the furn- 
ace phases, and that real non-sinusoidal currents ij of the corresponding furnace 
phases flow in them. Let us also assume that, between points O”’of the equivalent 
network and O’ of the furnace, inductances L, and L, are connected, through which 
real furnace currents i, and i, flow. In this case potential differences, measured be- 
tween the corresponding leads A, B, C of the secondary of the furnace transformer 
and the model leads A’, B’, C’, will, according to (1), exactly represent the non- 
sinusoidal arc voltages eg), €q and egg in the furnace. 


In order to decrease electric losses in the model network k,, times in compari- 


son with the losses in the secondary of the furnace and to obtain a proper scale for 
the model voltages, it is necessary to increase resistances and inductances in the 
model km times, and to decrease the values of the currents in the model networks 
k, times. 


Fig. 3 shows the basic network of a model installation for remote measurement 
of resistances ric; - Arej and inductances Li¢j - ALe; and of differences of mutual 
inductances L,’and L,” of the sections of the secondary network, which are situated 
outside the furnace. On the left side of the figure networks of the furnace are shown; 
on the right side, networks of the model. 


Contact-rods S; are used to tap the potential of each electrode at the place where 
it emerges from the furnace. If the values of the model parameters correspond to the 
instantaneous values of the required parameter of the sections of the furnace secon- 
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FIG. 2. Network of the model installation of the lew-volt- 
age part of an electrical melting furnace. 


dary, and the currents in the network models correspond to the real non-sinusoidal 
currents in the furnace,* then the p.d. measured between points S, and E, will be 
equal to zero. 

Introduction of contact-rods Sj enables us to measure directly the useful power 
of each phase of the furnace, equal to the sum of powers developed in the arc and on 
the portion of an electrode inside the furnace. If the parameters of the model shown 
in Fig. 3 are determined, the useful power say of Phase ] may also be remote-con- 
trolled by means of a model by measuring p.d.s_ between points E, of the model and 
O’ of the furnace. 


Arranging models according to Figs. 2 and 3 on the furnace benchboard we have 


* On Fig. 1 only networks for the phase current of Model | are shown. 
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FIG. 3. Network of model installation of sections of the secon- 
dary, which are situated outside the furnace. 


as 19 unknowns to be determined, Lj,,;, Liej - ALej» thei - Atei> Cai» Their Li La, 
Ly’, bi, where:i = 1,2,3. 


Determination of the first 12 quantities may be made entirely automatic, since 


it can be performed under normal conditions when electrodes of all the three phases 
are arcing. 


Experiments showed that, for the equal working lengths of the three electrodes: 
Li= Li’, Lj = L7/ — this being due to the positioning of the electrodes in the furn- 


Model installation for remote control of electric parameters in arc furnaces 43 


ace at the apices of an equilateral triangle. 


Values of L 1’, and 13’, may be experimentally determined from a series of ex- 
periments by breaking one of the arcs, while the electrodes of two other phases are 
arcing under normal conditions. The order, in which these experiments are to be per- 
_ formed, is as follows. 


We set L;’= 0 and break the arc in Phase 2. From the following equations: 


; di » Gi 
(dy + 4147,,) —[u,, he AL.,) tous @) 
” diy : 
—L, ae ire — Sr) he 0; (4) 
iy a ons £3; iy == 0, ; 
and varying either automatically or by hand the values of Lic, - ALe, and rkgj- Are 
on the model, we may set and determine the values of Li.) - AL,, + Li’ and 
They ~ Sei: 
Striking the arc in Phase 2 and breaking it in phase 3(i, = - i,, i; = 0), and by 
condition (3), leaving the model parameters in Phase | unchanged, we may set up in 


Phase 2 the value L3’. 


After this, striking the arc in Phase 3 and breaking it in Phase 1, from the con- 
ditions required to satisfy equations 


: di n di 
(Cgo + bg Aron) ~— Pete AL.) FA eT oe (5) 
ut di . 
cee Dee fia Meg) |= Be 0, (6) 
== Es} E; od 


we may set upon the model, values of Lig - ALeo and rice - Area, and taking into 
account the equation 


: di. 7" di 
(Cat Aahr es) — | 13 — Lees Sled) ge — Li Gf — i 
u di f 
wi L, ai ae (Tea ‘oh Ares) = Begg = 0 


we may set up on the model values of Lj.,5 - ALg3 and rye - Ares. Further, by 
setting up the conditions satisfying equations (4), on the basis of equations (3), we 
may set up on the model values of Lig, - ALey and Ly’. 


Having determined by the above method values of L;’ and L3’ and keeping the 
electrodes arcing on all three phases in the furnace, we may determine values of 
Lkei - ALej and rkej - ATe;» by equations (3), (5) and (7) and by measuring continu- 
ously these values on the model. The process of measuring may be made entirely 
automatic. For certain known values L,; = Lj’and L;’= L{’, set on the model, we 
may, by touching the metal alternatively with each electrode, determine values 
Lyej 204 They for every phase by means of the model (Fig. 2); after this, under normal 
conditions of electrode arcing in all three phases, we may measure p.d.s_ between 
leads A-A’, B-B’, C-C’ and the power in every phase of the furnace. 
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Inductances Lj,,; may be determined by means of the model under normal con- 
ditions of electrode arcing on all three phases of the furnace. The method in question 
is based on a known physical phenomenon, that in continuous arcing the instantane- 
ous current values and arc voltages simultaneously change polarity, passing through 
zero values. Therefore, observing on Phase 1, say, the moments of passing through 
the zero value of the arc current and of the voltage between leads A-A of the model 
(Fig. 2), and adjusting the value of Ly,), so as to obtain the simultaneous passing 
through zero both of current and voltage, we may find the value of Lj). Varying the 
values of currents in the furnace by + 20... 30 per cent, while keeping all three elec- 
trodes arcing, or performing the series of experiments discussed above by breaking in 
turn one of the arcs, we may determine the values of L, and L,; as well. 


The values of resistances ri,,; set up on the model and measured by this method 
may differ considerably from the true values, but this does not affect the accuracy of 


measurement of furnace inductances. 


Instruments, constructed in the Central Automation Laboratory ,* for automatic 
and manual measuring values of Lj,,;, are based on this principle. 


We may investigate the influence of different factors on the parameters of the 
furnace secondary network by applying the above methods of measurements in various 
ways: we may feed the furnace by a three-phase and a single-phase current, or keep 
all electrodes arcing or short-circuit them by keeping them in contact with the metal, 
or vary currents at symmetrical and asymmetrical loads on phases. 


Fig. 4 shows one of the oscillograms of arc voltages e},, and eo, of Phases 1 
and 2; these oscillograms were recorded by using a model installation on a furnace of 


20 tons capacity. 


In this figure, the oscillograms of 
true arc voltages eo, of Phase 2 
are shown for comparison; these 
voltages were directly measured 
by using two rods, introduced into 
the furnace: one rod was in con- 
tact with the electrode above the 
arc, the other in contact with the 
metal near to the arc and slightly 
below it. 


Investigations of an industrial 
furnace carried out by using 
a model installation 


FIG. 4. Oscillograms of are voltages. A series of investigations was 


carried out by using an experimen- 
tal specimen of a model installation on an industrial furnace of 20 tons capacity. By 


* A.N. Kotikov, B.N. Znamenskii and V.B. Tikhmenev (Engineers of the Central Automation 
Laboratory) took part in the development of model installations and in carrying out investigations. 
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these investigations the character of variation of parameters of the furnace second- 
ary network and of the useful power in phases during the melting was first studied; 
the influence of furnace currents and of the load asymmetry on the values of para- 
meters of the secondary network was also determined, as were several other charac- 
teristics. 


Some conclusions, which were made on the basis of the results obtained from 
these experiments, are given below. 


(1) A comparison of many arc voltage oscillograms, obtained on the furnace and on 
the model, confirmed their complete identity, even in the case when disturbances 
occur in the arc voltage; these are characterized by a very steep slope on the oscillo- 
gram. The differences in voltage values were about | per cent of the measured value. 


(2) During the process of melting and from one charge to another, the phase resist- 
ances rj; - Are; may vary by more than 20 - 30 per cent; this is due to the contact 
instability, to the redistribution of currents among parallel branches of tubular con- 
ductors and so on. 


For different phases these quantities, during weeks and months, may differ by 
more than 30 per cent. 


The use of apparatus for the control of these quantities during service will con- 
tribute to the study of the causes of increased losses in the furnace secondary net- 
works and will help in averting these losses. 


Resistances of the electrode sections situated inside the furnace constitute 
more than 40 per cent of the total resistance of the secondary network. Thus, the true 
value of the electric efficiency of furnaces is considerably greater, and the real 
losses of electrical energy are 40 per cent smaller than those which are usually 
assumed, when only the total resistance of the secondary is measured. 


(3) The difference in inductances of the extreme phases of the secondary network (for 
20 ton furnace) usually does not exceed 4 per cent. The inductance of the middle 
phase of the secondary is smaller than inductances of extreme phase by approximately 
30 per cent, and this is the cause of considerable difference in useful power of 
phases. The variation of the inductance of the section of the secondary, which is 
situated outside the furnace, Li,1 - Ale}, does not exceed 10 per cent, when an 
electrode is moved from its uppermost position into the lowest one; the variation of 
the value of inductance between one charge and another is of the same order. After 
the charge is melted, the values of inductances of the electrode portions situated in- 
side the furnace are practically equal for all phases, do not vary with time and re- 
present less than 15 per cent of the mean value of the inductance of the whole in- 
stallation. Whilst the ferro-magnetic charge is still solid in the furnace, the induct- 


ance increases considerably. 


(4) Values of the differences between the phase mutual inductances L, and L; are 
determined practically only by the influence of sections of the secondary, which are 
situated outside the furnace; they are approximately equal to 5-15 per cent of the 


mean value of the inductance of a phase. These values vary with time only during 
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FIG. 5. Variation of voltage drop on the ohmic resistance ofa 
section of the secondary, which is situated outside the furnace 
during the melting process. 


the period when the electrodes are melting the cold charge. 


(5) Only the reactance of the middle phase varies considerably with the current, and 
increases with an increase in current. Asymmetry in electric conditions has only 
slight influence on the variation in the reactances of a given furnace. Variation of 
phase resistances, caused by the influence of conditions of contact, is comparable 
to the influence of current variations and of the load asymmetry between phases. 
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This fact prevented an exact determination of the influence of each one of these 
factors. 


(6) A d.c. component is present in the arc current; this component may be equal to 
15 - 30 per cent of the current during the period of melting, while arcing occurs be- 
tween an electrode and solid metal. The character of variation of currents during 
the process of melting is shown in Fig. 5. Directions and values of direct currents 
in the arc often vary. 


The appearance of these currents is due to rectifier action of the arc [4, 5] and 
to the difference in the d.c. voltage components in arcs of different phases. 


Fig. 6 shows the data which characterizes the real electric parameters of the 
work of an arc furnace of 20 tons capacity; these data were recorded during ten 
meltings at the higher value of the voltage (236 V). 


For every melting, r.m.s values of the phase currents /;, mean values of the fur- 
nace useful power & P,,, mean values of useful phase power P,,; and average values 
of the installation power factor cos ¢ are given. 


Results of these investigations and of similar investigations carried out during 
meltings in another furnace of 20 tons capacity allow us to draw the following con- 
clusions. 


During melting the difference between mean values of phase useful power may 
exceed 20 per cent. This difference is still greater for various intervals of melting 
periods. Slightly small differences are observed during the process of metal refining. 
The results of this are: non-uniform rate of metal melting, delay in melting, the in- 
crease in energy consumption and non-uniform heating of the surface of the molten 
metal. 


The mean value of the total useful phase power may vary from one charge to 
another by more than 10 per cent; this is due to different factors; delays in melting, 
increase in energy consumption because of electric conditions in the furnace, which 
differ from optimum conditions, and also because of abnormal melting conditions, 
which bring about the deterioration in the quality of the metal. 


From one melting to another, power factors and electric efficiencies may vary 
within the limits 0.01 - 0.03. 
Conclusions 


1. The model installations, designed for non-sinusoidal currents and for electro- 


_ magnetic transmissions of power from one phase to another, enable manual or auto- 


matic remote control of parameters in conductors carrying heavy currents, of voltages 
on arcs of useful powers in every phase of the installation. 


2. During the normal work of installation, automatic and continuous control is 
possible of the following quantities: resistances and inductances of the low-voltage 
conductors, situated outside the furnace, total inductance of conductors, arc voltage 
and useful electric power. It is possible to control automatically conductor resist- 
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Ne of charge 


FIG. 6. Mean values for a period of melting of electric para- 
meters in a furnace, recorded for ten charges; /,, J, and], 
are phase currents, P,,,, Pp,, Pe, are useful phase powers, 
Spe total useful electric power consumed by a furnace. 


ances in each phase and the differences of coefficients of the phase mutual induction. 


3. Experimental investigations carried out by using model installations show 
that there are considerable possibilities for decreasing electric losses and specific | 
consumption of electric energy and for increasing power factors of arc furnaces, which 
are big consumers of electric energy. 


The use of the installations described above offers prospects for the application 
of new methods of control of the useful power of the installation by computers [1]. 


4. The application of model installations may prove useful for the measurement 
of parameters of industrial sets and the control of technological processes which 
cannot be directly controlled. 


Translated by S. Szymanski 
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TURBO-GENERATORS OF 30 TO 300 MW POWER BUILT BY 
KhETZ FACTORY * 


L. Ia. STANISLAVSKII 


Khar’khov Electrical Equipment Diesel Works 
(Received 26 July 1957) 


The production of turbo-generators in Khar’khov began in 1936 in the turbo-generator 
factory, (Khar’khov Turbo-generator Plant), built during the second five-year plan. 
During these years, the problem of organizing the production of turbo-generators of 
50 MW at 1500 rev/min has been solved. In this factory, not only the problem of the 
output of these machines, which were unique at the time, was solved, but also in 
1938 the first four-pole turbo- generator of 100 MW power was made in the Soviet 
Union; its rotor, weighing 100 tons, consisted of three parts [1]. In this factory, 
reconstructed after the war, a turbo-generator mark TGV-25, of 25 MW power and 
3000 rev/min, was designed and production began. 


In 1954 the production of turbo-generators was transferred to the Khar’khov 
factory of Diesel)electrical equipment, where the biggest generator unit in the 
world at that time was installed and fitted with first class nationally -made equip- 
ment. The production of large hydro-generators was also organized in these works. 


In this article, the main topic is the description of new powerful turbo- 
generators with direct hydrogen cooling of the stator and rotor windings; a short 
account is also given of experience in building and using an experimental turbo- 
generator of 25-30 MW power. 


In designing the construction of the turbo-generator mark TGV-25, of 25- 
30 MW at 3000 rev/min (Fig. 1) with hydrogen cooling at 0.04 a.t.g. (a.t.g = at- 
mosphere gauge pressure) the following problems were posed. It was necessary 
to ensure the performance and service characteristics, required by G.O.S.T. 
standards; furthermore, an attempt was made to introduce several new construct- 
ive solutions, which might be useful in construction of turbo-generators of much 
greater power. 


For the first time in the U.S.S.R. and to a certain extent for the first time 
in the world, welded stator shields with built-in bearings were used in this 
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generator, as well as disk seals with small oil consumption and propeller ventila- 
tors. The vertical disposition of coolers and bracket fixing of retaining rotor rings 
was used. Moreover, at the author’s suggestion, the stator cores and windings 
were produced in repetitive manufacture, and the stator winding was made for volt- 
ages of 6.3’ and 10.5 kV by using a delta or star-connexion. The use of disk seals 
dispenses with a cumbersome and complicated vacuum purification of oil. 


At present, since a large number of such generators has been made, and a 
considerable number of them has been in service for some years, we may draw 


certain conclusions. 


Some apprehension, which was expressed concerning the ability of a gene- 
rator with shield bearings to withstand vibration, did not materialize. 


The results of measurements of double amplitudes of vibrations are given 
below; these vibrations were recorded on the covers of bearings built in the end 
shields of the generator type TGV-25. These measurements were taken on 50 
turbo-generators, working on load and in normal service conditions. On 19 
machines out of the total number, vibrations were measured in the transverse, 
vertical and axial directions; on the remaining machines only transverse vibra- 
tions were recorded. 


No. of turbo-generators Maximum double amplitude of vibrations 
(mm) 

0.02 

0.03 

0.04 

0.05 

0.06 

0.09* 


3 


mae PS Ota] 9 


* The generator was coupled to a foreign-made turbine, the critical speed of rotation of 
which was unknown. 


The data show that the vibrations of turbo-generators are insignificant. In 
practice, the axial vibrations of the bearing from the exciter side are entirely 
eliminated, these vibrations being extremely undesirable, but unfortunately a 
common phenomenon in machines with the pedestal (external) bearings. 


The experiment of making and using a turbo-generator mark TGV-25 gave an 
opportunity for improving the shield construction and for increasing the reliability of 
the electrical insulation of the shaft by protecting it from currents in the bear- 
ings; easier access in the assembly of stuffing boxes was achieved as well. 


A disk seal permits the sealing of the rotor shaft, with the oil consumption 
inside the stator casing not exceeding 1 litre per minute. For this rate of con- 
sumption no necessity arises for separating oil from hydrogen. 


The vertical arrangement of coolers is the most convenient with respect to 
conditions of assembly, working and inspection. The suppression of vibrations of 
the tubes of the cooler is achieved by fixing these tubes in appropriate places. 
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Because of this the vibrations of tubes decreased from 2 to 0.02 mm. 


The use of propeller ventilators proved to be entirely justified; moreover, 
their cost was considerably reduced due to production by drop forging. Bracket 
fixing of retaining rings of the rotor prevents the breaking of the teeth of the rotor 
body or the wearing down of the places of setting, which happens, for instance, 
when a split set binding ring or elastic centring rings are used. 


More than half the machines of mark TGV-25 already made are delta-connected, 
No extra overheating or other losses were recorded. The advantage of repetitive 
manufacture of stator cores and windings is obvious. 


In 1956 the production of turbo-generators mark TVS-30, of 30 MW power at 
3000 rev/min [2] began. In the design of this generator, the main problem was the 
creation of a unified machine based on the construction of turbo-generators marks 
TGV-25, TV2-30-2 and T2-25-2 produced in the Soviet Union. In this generator, 
all valuable improvements made in the generator TGV-25 were applied. The hy- 
drogen pressure is 0.05-0.5 a.t.g. No doubt the hydrogen pressure will be raised 
in future up to 1 a.t.g., thus increasing the power of the generator by 10-15 per 
cent. 


The generator mark TVS-30 is made with couplings of unified dimensions, so 
that it can be directly coupled with turbines, made in all turbine-making factories 
of the Soviet Union. The systems of oil distribution, of protection and of the ge- 
nerator voltage regulation are all standardized; a silicone insulation is used for 
the rotor winding; for insulating the retaining rings the compressed glass fabric 
is used, the aluminium saddles in the front part being absent. 


Due to difficulties encountered during the first period of service of genera- 
tors of mark TGV-25, external bearings (on the outside pedestals) are used in gene- 
rators TVS-30, this being, in the author’s opinion, their disadvantage. 


In the design of turbo-generators of 200-300 MW power the basic trends which 
appear in the development of the construction of generators were taken into 


account. 


One of the most important problems in the construction of high power genera- 
tors, while keeping their size within reasonable limits, is the increase of the 
hydrogen pressure inside the machine. On the basis of the tests carried out by 
the factory for turbo-generators mark TGV-25 [2], it was found that, by increas- 
ing the gas pressure from 0.05 to 0.5 a.t.g. and keeping the load constant, the 
rise in temperature of the generator is decreased in the ratio of 1.5 to 1, and by in- 
creasing the pressure up to ] a.t.g. the corresponding decrease is more than two to 
one, i.e. instead of 32.6°C it becomes only 15° (taking into account the lowering of 
losses in the generator windings due to the drop in their temperature). Table 1 
shows the results of the measurements of the temperature rise of generator wind- 
ings as different hydrogen pressures. 


For high-power generators the pressure of the cooling gas was fixed at 3a.t.g. 
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TABLE 1. 


Temperature rise (°C) 


Rotor winding 


Hydrogen pressure 


Stator winding 


The values of the power, developed by a 200 MW generator in relation to the hy- 
drogen pressure, are shown below: 


Hydrogen pressure Power of the generator 
(a.t.g.) (MW) 
0.5 100 
1 140 
2 170 
3 200 


Nevertheless, by solely increasing the hydrogen pressure the problem of the 
construction of high-power generators cannot be solved. In the rotor windings and 
in the stator bars of ordinary design, the temperature distribution at the hydrogen 
atmospheric pressure is such, that 50-60 per cent of the temperature drop occurs 
in the insulation. The remaining part occurs in gaps, the surface gas layer and 
the steel of teeth, their thermal conductivity considerably increasing with the 
increases of the hydrogen pressure. 


The thermal conductivity of the insulation, however, does not increase with 
increasing hydrogen pressure; therefore the use of external cooling does not 
permit an increase in the power of the generator by more than 30 per cent. 


The use of direct internal cooling of the rotor and stator copper, permits the 
construction of the 200 MW generator (Fig. 2) of smaller dimensions than those of 
the turbo-generator TV2-150-2 of 150 MW. 


This is due to the fact that direct cooling permits a more efficient use of the 
active materials of the machine. At present the next outstanding problem is the 
beginning of repetitive manufacture of turbo-generators, with direct cooling of 
the stator and rotor windings. This will result in an economy of up to 50 per cent 
in the materials required at present, and by slightly increasing the number of the 
working hours needed for production, the productive capacity of the turbo-genera- 
tors factories will be nearly doubled, and the capital expenditure in building elec 
tric plants will be considerably lowered. 


With metallurgy at the standard it is today, it is possible to make a rotor of 
1,100 mm diameter and a body length of 6,500 mm for a generator rotating at a 
speed of 3000 rev/min. For this case, the limiting values of the power develop- 
ed by generators with different methods of cooling are as follows: 
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Method of cooling Power (MW) 
Air cooling 140 
Surface hydrogen cooling at the gas pressure 0.03 a.t.g. 210 
Surface hydrogen at the gas pressure 3 a.t.g. 270 
Internal hydrogen cooling at the gas pressure 3 a.t.g. 350-400 


The considerable increase in power of generators with direct hydrogen cool- 
ing is possible due to the fact that the internal cooling of the rotor and stator 
windings permits a considerable increase of the current density in the windings. 
For comparison, in Table 2 the values of current densities are given for genera- 
tors of different marks. 


TABLE 2. 


Generator Nominal power Nominal voltage Current density (A/mm?) : 
mark (kV) Rotor 


TGV-25 3.88 
TV2-30-2 $88 
TV2-50-2 3.36 
TV2-100-2 3.40 
TV2-150-2 3.50 


TGV-200 


In the turbo-generator TGV-200 an axial-radial system of ventilation is used. 
A centrifugal pressure compressor, situated at the slip ring end of the 
rotor, delivers the gas at 3 a.t.g. into the hollow rotor windings and into the 
ventilating tubes situated in the stator windings. The hydrogen stream leaving the 
compressor is divided into three parts: one part flows into the ventilating tubes of 
the stator bar winding, the second part under the retaining ring from the side of 
rotor slip rings and further into the hollow rotor conductors, the third part also 
enters the hollow rotor conductors from the turbine side. 


The gas, leaving the ventilating tubes of the stator bars, enters the axial 
ventilator, situated on the turbine side. The gas, which entered the gaps after 
leaving the hollow rotor conductors and hollow stator cores, comes into the same 
ventilator. The axial ventilator sends the hydrogen into a gas cooler; on leaving 
this cooler a part of the hydrogen stream cools the stator core and the stator and 
rotor surfaces, after which it passes into the gap and enters the axial ventilator. 
The second part of the gas stream comes into the centrifugal compressor. 


The ventilating channels of the bar winding are made in the form of thin- 
walled non-magnetic steel tubes situated between the two rows of glass-insulated 
conductors. Investigations have shown that the temperature drop in the 0.3 mm 
thick insulation of such a bar is only 3°C, a rather small value. 


At a gas speed in the bar channels of more than 30m/sec, the temperature 
drop between the channel walls and the gas is equal to 3°C. Thus the excess of 
the temperature of the stator copper winding over the gas temperature is only 
6°C, hence the temperature of the copper depends mainly on the gas temperature. 
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The ventilating ducts of the rotor winding are formed by two conductors of 
channel sections. The investigations on the temperature distribution and on the 
flow of the gas in the ducts for internal cooling, which were carried out by our- 
selves together with the Scientific and Research Institute of the Electrical 
Industry and with the Chair of Blade Machines and Applied Gas Dynamics of the 
Khar’khov Aviation Institute, gave a result for the optimum cross-section of the 
windings and of their ventilating channels [3]. 


The shaft seals are the most important constructional details of a modern 
turbo-generator. 


The study of the performance of these seals, which was carried out by this 
factory for many years, showed that a properly designed seal of the disk type may 
work safely at pressures up to 3 a.t.g. and more. The method of decreasing the 
load, carried by the packing of stuffing boxes which was designed by this factory, 
is very important, since it allows for a sharp decrease in overheating of the 
boxes and in the losses in packing. 


Table 3 shows the experimental data of the work of one of these stuffing 


boxes. 

TABLE 3. 

Gas pressure] Oil pressure| Oil temperature| Babbit temperature} Oil consumption by the 
in the at the at the in the stuffing box (1/min) 
chamber | stuffing box] stuffing box stuffing box _| Inside the} On the outer 

(kg/cm?) inlet inlet (°C) stator side of the 

(kg/cm?) body box 

00 51 0.14 36 

0.05 50 0141 36 

0.5 49 0.64 38 

1.0 48.5 0.43 46.5 

2.0 47.0 0.21 53 

3.0 46.5 0.15 58.5 

3.0 46.0 0.5 62.5 

3.0 44 i 72.0 


The turbo-generators made by the factory have built-in bearings in the end 
shields; these bearings have many advantages in comparison with the external 


bearings. 


This arrangement permits a large decrease in the distance between the centre 
lines of bearings; for example, in 200 MW turbo-generators this distance is cut by 
nearly 800 mm. In consequence the static sag of the rotor is considerably reduced, 
and this increases the critical speed of rotation. This reduction is very desirable, 
since both in the world at large and in home practice some cases of fracture of 
rotors of big generators are known. These accidents were caused by excessive 
sags, the second critical speed of rotation being smaller than the normal working 


speed. 


The use of built-in shield bearings for turbo-generators weighing up to 250tons 
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FIG. 3. Silicon rubber caps for the inlet and outlet 
of the cooling gas. 


permits their transport in a completely assembled form (together with the rotor), 
and this fact permits assembling and sealing of the generator in the factory, thus 
shortening the time required for assembly 4-5 times. 


By using built-in shield bearings we reduce the weight of a turbo-generator 
and its size, the amount of vibration and the resistance of bearings as well. 
Difficulties connected with the unavoidable axial vibrations of bearings situated 
on the exciter side disappear when these vibrations occur with the majority of 
big generators with external bearings. — 


The use of built-in shield bearings makes the accurate machining and as- 
sembling of the generator much easier, due to the presence of centring grooves 
in the shield and cover, in bushes and stuffing boxes; it also ensures a complete 
interchangeability of parts. The construction of front shields with built-in bear- 
ing bushes permits the examination of bushes without letting out hydrogen and 
examination of packing without dismantling the bearing. Shield bearings permit 
the examination of frontal parts without dismantling the bearings; for this purpose 


only the upper part of the shield is removed. By the use of “biscuits” for the in- 
sulation of the bush covers the suppression of currents in bearings is greatly 
simplified. 


The turbo-generator of 200 MW power has the following nominal characteris- 
tics: voltage 15.75 kV, current 8.63 kV, the power factor cos ¢ = 0.85, 3000 rev/min. 
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For the same power factor for the 300 MW turbo-generators the stator winding voltage 
is taken as 20 kV. In both cases these generators have single-coil windings, thus 
permitting their use at 10kV. The field winding of the generators, according to the 
design, will be fed from the generator terminals through gas rectifiers. The welded, 
gas-tight frame of the stator is calculated on the basis of long use at a gas pres- 
sure inside the stator of 3 a.t.g. The test pressure is 10 a.t.g. Two vertical gas 
coolers are situated at the side of the turbine. The stator core together with the 
winding is elastically attached to the stator body by means of flat springs, and 

this excludes the possibility of transmitting vibrations of double frequency to the 
stator body. 


The stator winding is of the bar, basket type. 


The inlet and outlet of the cooling gas into the ventilating tubes is made in 
the bar heads through the silicon-rubber caps (Fig. 3). For the bar insulation sili- 
con plastic is used, a heat-resisting insulation of increased mechanical strength 
devised jointly with the All-Union Lenin Institute of Electrical Technology. 


Bars with new insulation have been used in the stator of an experimental 
turbo-generator. Preliminary tests have shown that, so far as electrical strength 
and tangent of the loss angle are concerned, the new insulation is not inferior to 
the compound one and has a greater mechanical strength. There are, however, 
still some difficulties in the repetitive production of these windings. 


For the rotor winding, copper is used with the addition of some silver. This 


increases the mechanical strength of the copper, which is essential for securing 
reliable working of the rotor. In the system of ventilation adopted, teeth and 


slots of the rotors have no holes. 


The rotor of the 200 MW turbo-generator is of smaller dimensions than the 
rotor of the 150 MW generator mark TV2-150-2, due to internal cooling of windings. 


To solve a series of problems connected with the design and production of 
200 and 300 MW turbo-generators, an experimental turbo-generator of 30 MW power 
was made. In the stator and rotor of this generator about 200 resistance thermo- 
meters, thermistors, tensometers and thermocouples were inserted, and valuable 


results were obtained. 


Some parameters of the 200 MW turbo-generator mark TGV-200 are shown 


below. 
HNC VRM ed ee) x oe. G oe alpina ie > 0S Sie sh elses oat eine es 98.87 
BEES IEEE RETO iiag vices, c6 5 «occ OM Sook shel Roan ctemeee rd aos vai 0.58 
Siitrandient reactance (%) s «. i-< + 206 sims wi wee bose a Cees 19 
Sra ere TPE CLAN ED GY S4 clas, Fo ae oe) Har ENO RU e Rte awencles 99.5 
Synchronous reactance (%) ..-- ++ eee eter eee eee ee 903.5 
Mean temperature rise of the stator winding (OC) Saapees, oa a os 38 
Mean temperature rise of the rotor BV ITEIIL ee Ay ee at mares trie cs 38 
8200 


Distance between bearings (mm) ...-- +--+ esse eee eaees 
First critical speed of rotation (SEMI) CoA selec So a we a 3 So 1340 
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Second critical speed of rotation (rev/min).........--.--- 4380 
Specific copper consumption (kg/kVA) .......-.-+++--6- 0.076 
Specific active steel consumption (kg/kVA).........-...--- 0.436 
Total weight of the generator (tons) ..........++-++2-- 287 


Translated by S. Szymanski 
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ON THE POSSIBILITY OF INTENSIFICATION OF COOLING OF 
TURBO-GENERATORS 


V.G. FASTOVSKII and IU.V. PETROVSKII 


Lenin All-Union Institute of Electrical Technology 
(Received 1 April 1957) 


The dimensions of modern turbo-generators, of 150-200 MW power with hydrogen 
cooling of the surface, reach limiting values (rotor diameter 1.10-1.15 m, rotor 
length 6.3 m), determined by the permissible stresses in the rotor material and 
by conditions, occuring when the machine passes through the critical speed of 
rotation at the start. It is well known that an increase in power of a turbo-genera- 
tor, its dimensions being unchanged, is possible only by an intensification of the 
process of heat dissipation, the amount of heat developed increasing with the in- 
crease of current density in the machine windings. 


In view of this fact, it follows that it is desirable to consider briefly some 
problems connected with methods of intensification of cooling of turbo-genera- 
tors. Let us remember that the first important step in this direction was the use 
of hydrogen cooling, which permitted a decrease in the overheating of active 
parts of a machine and a reduction in the friction and windage losses in the 


rotor. 


With surface cooling of the rotor, the increase of hydrogen pressure reduces 
the temperature difference between the rotor surface and the gas stream, this 
lowering constituting 17-22 per cent of the total temperature drop. In the limiting 
case, this permits an increase in the power of a turbo-generator by 20-25 per cent. 


The system of internal hydrogen cooling of the active copper of the rotor and 
stator windings makes possible a considerable increase in power. Furthermore, 
the increase of hydrogen pressure is a very efficient method for the intensifica- 
tion of cooling, since the coefficient of thermal conductivity at a constant gas 
speed varies proportionally to p 0.8 (p is the gas pressure in abs atm). The 
permissible current density increases accordingly, and with it the power of a 
turbo-generator. 


The problem of maximum output of a turbo-generator, with internal copper 


* Elektrichestvo, No. 3, 32-35, 1958. 
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cooling, is of considerable interest. Calculations show that, at a hydrogen pres- 
sure of 5 abs atm and a speed in the channels of the excitation winding (where 
the major quantity of heat is developed) of the order of 80 m/sec, the coefficient 
of thermal conductivity from the copper surface to the gas is equal approximate- 
ly to 1200 k cal/m*hr°C. At a current density of 10 A/mm? the increase of hy- 
drogen temperature is about 31°C. For the hydrogen temperature at the channel 
inlet of 40°C, the maximum copper temperature is 85°C, which is considerably 
lower than the permissible temperature of 120°C. Under such conditions, which 
can certainly be realized, the power of a turbo-generator increases up to 350- 


400 MVA [1]. 


The actual importance of the problem of cooling gave rise to a series of new 
propositions for intensification of the process of internal cooling of excitation 
windings. Thus, evaporation cooling, based on the principle of using the latent 
heat of a volatile liquid, pumped directly into the channels of the excitation wind- 
ing, is of considerable interest. With this method the rotor will rotate in the va- 
pour of the cooling liquid, since a perfect sealing of the circulating system is 
rather difficult. To reduce the windage losses inside the body of a turbo-genera- 
tor it is necessary to maintain a vacuum. For this purpose a powerful vacuum pump 
and surface condenser, to liquify the vapour and to return the liquid into the cir- 
culating system, will be needed. The liquid must have many specific properties: 
dielectric strength, large latent heat, a convenient boiling point, chemical in- 
ertness, non-inflammability etc. To find such a liquid, especially for cooling of the 
stator winding, is a difficult problem, and the cooling system becomes complicat- 


ed. 


The use of a liquid (for example of transformer oil) was also suggested for 
cooling the rotor; such a liquid must be a good dielectric and must not destroy 
the insulation, since hermetic sealing of the circulating system is impossible in 
practice, and a part of the liquid penetrates into the gap between the rotor and the 
stator. But in this case there is a danger of destroying the stator surface opposite 
the rotor, by the oil drops projected at a great speed from the rotating rotor. 


Another suggestion was to use the so-called convection-evaporation cooling, 
which consists in injecting the liquid into the circulating hydrogen. 


The result of the evaporation of the liquid is a drop in the hydrogen tempera- 
ture, consequently the temperature difference between the copper to be cooled 
and hydrogen increases, thus increasing the process of heat dissipation. The 
condensation of the vapour of the liquid takes place at the surfaces of the gas 
coolers, from where the condensed liquid returns into the circulating system. 


Obviously, we cannot expect a considerable increase in the rate of cooling 


from such a system since only a small proportion of the liquid will evaporate from 
the surface to be cooled. 


The liquid cooling of a rotor is a complicated technical problem, the satis- 
factory solution of which would permit a considerable increase of the limiting 
power of turbo-generators, while keeping their dimensions unchanged. 
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Calculations show that particularly favourable conditions of heat dissipa- 
tion can be achieved by using water for cooling of the rotor. 


Liquid cooling of the stator is easier to solve and in this case the distilled 
water is very efficient; but during the process of circulation, the electric con- 
ductivity of water increases. By introducing into the circulation system an ion- 
exchange apparatus, it is possible to keep water resistivity at the level of 10° — 


107 Q em [2]. 


The most serious attention should be paid to the technical design of water 
cooling systems for turbo-generators. Recently articles have appeared concern- 
ing the realization of the water cooling system of the stator winding of a turbo- 


generator at 11.8 kV [3]. 


Using a liquid system for cooling, power losses due to the circulating of the 
cooling agent are greatly reduced. Thus, for oil cooling of the stator winding of 
a 500 MW turbo-generator, in which the losses are approximately equal to 1.2 MW, 
a pump, driven by a 10 kW motor, will be required. The power needed for venti- 
lation with hydrogen cooling is of the order of hundreds of kW. 


Let us consider in greater detail the problem of the usefulness of forced 


hydrogen cooling [4]. 


If the temperature of the hydrogen after passing the water coolers is taken 
to be equal to 40°C under normal conditions, its temperature may be reduced 
considerably by the use of artificial cooling. Iu this case, however, it must be 
borne in mind that the power of the cooling devices increases rapidly as the 
cooling temperature is reduced. 


The forced hydrogen cooling may be used to achieve one of two objects: 
1. while keeping the dimensions of the active parts of a generator unchanged, to 
increase its output; in this case, the conditions of work of copper remain un- 
changed as regards temperature; the copper temperature remains at the previous 
limiting level, but heat dissipation increases due mainly to an increase in the 
temperature difference between copper and hydrogen; 
2. while keeping the dimensions of the active parts of a turbo-generator and its 
power unchanged, to increase the efficiency of the machine by decreasing the 
copper temperature, which in turn decreases the copper resistivity; the advan- 
tage of this solution depends upon the relation between the decrease of losses 
in the windings and the power required for forced cooling. 


The first problem is of greater interest. As an example, let us analyse the 
cooling conditions of a 200 MW generator. We assume that the hydrogen tempera- 
ture at the inlet is 0°C; let the increase of the gas temperature be 40°C. The 
total losses of such a machine are estimated at 1.77 per cent of its nominal power 
[1], i-e. 3540 kW. Excluding losses in bearings (0.2 per cent), we find that the 
losses, to be dissipated by hydrogen, are 3240 kW, or in thermal units 2.7 x 10° 
kcal/h. — Assuming that the gas pressure inside the machine is equal to 4 abs 
atm and taking the specific heat of hydrogen, at the mean temperature of 20°C, 
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as equal to 3.4 kcal/kg °C, we find the total weight of the circulating hydrogen 
to be approximately equal to 20 t/hr, or 6 x 10* m*/hr.We have to design the ven- 
tilators for this output. 


If the rotor winding has ventilating channels of rectangular cross-section, 
then the value / of the current in the winding conductors exceeds the value /, of 
the current in the conductor of the full section [1] by the ratio: 


Eee 
Io 


Pp (1) 


where aq is the coefficient of thermal conductivity (W/cm?. °C). 


For the forced cooling of hydrogen the temperature difference between copper 
and hydrogen increases; for the same pressure and gas speed in channels, the 
value of the coefficient of thermal conductivity varies only slightly. Therefore, 


equation (1) may be written in such a form as 
I ws 6 '/o 
| ioe 12(a 7) ; (2) 


where @ is the temperature difference for the forced cooling of hydrogen, 

and 0° the temperature difference for the water cooling of hydrogen. 

Assuming the copper temperature is equal to 120°C, then 0 = 100°C and 0’ = 60°C. 
In this case 


ne =~ "ly 
Py ~ 15.5a : (3) 


Thus, for the chosen set of parameters, the ratio //], increases approximate- 
ly by 30 per cent. 


By substituting external cooling of the rotor by internal cooling of the exci- 
tation winding, at the increased hydrogen pressure, we may increase the m.m.f of 
the excitation 2-3 times. In the case of forced cooling of hydrogen up to 0°C, we 
may further increase the m.m.f. of the excitation winding 2.5-4 times in compari- 
son with its value, when the rotor slots remain without cooling. 


Let us now consider the second problem — reducing the copper losses by 
decreasing the copper temperature. As a first approximation we may assume that 
the decrease of the mean hydrogen temperature by 40°C will bring about the same 
decrease of the copper temperature. Using the well-known relationship between 
the resistivity of copper and its temperature, it is easy to show that the decrease 
of the temperature by 40°C results in a decrease of copper losses by 17 per cent, 
thus increasing the effective power of a generator by 220 kW (the total copper 
losses in this machine are estimated at 1270 kW). It is quite obvious that the 
power required to drive the cooling system will be greater than the economy achiev- 


ed. 
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Let us consider possible methods for the forced cooling of hydrogen up to 
0°C: the use of a liquid evaporation and cooling installation with a compressor, 
an absorption cooling installation and a turbo-exhaust pump. 


In a compressor cooling installation, working in vapour cycle, evaporation 
of the cooling agent takes place at a constant temperature and pressure. To 
cool hydrogen up to 0°C, the temperature of evaporation of the cooling medium 
should not exceed — 5°C, since, for smaller difference of temperature, the di- 
mensions of gas coolers increase considerably. 


Let us consider an installation working on freon-12 at an evaporation temp- 
erature 5.5°C, a pressure in the evaporator of 267 abs atm, a temperature of con- 
densation 30°C, and a pressure in the condenser of 7.6 abs atm. For such an in- 
stallation the effective specific cooling capacity is 37200 kcal/k Whr [5]. 

For the amount of heat to be dissipated, which we assumed above to be 
equal to 2.7 x 10° kcal/hr, the power of the cooling installation will be 

2.7- 108 2 
Fhis corresponds to a decrease in the efficiency of the turbo-generator of 0.4 
per cent. 


Taking into account the greater cooling capacity of a freon installation, it 
is advisable to use a turbo-compressor set. 


Russian industry does not at present produce a cooling installation of this 
power but, according to published data [5], a turbo-compressor set of the cooling 
capacity 2.5 x 10° kcal/hr occupies an area 7-9 m?, and the weight of the turbo- 
compressor is 4-7 tons. In the conditions of power stators driven by heat en- 
gines, where powerful turbo-generators are usually installed, we may use an 
absorption cooling system working on the exhaust steam at a pressure of 1.5-2.5 
abs atm. Assuming that the amount of heat to be dispersed is equal (as above) 
to 2.7 x 10° kcal/hr, we find that the heat consumption in the absorption cooling 
installation, working in the water ammonia cycle, will be 5.3 x 10° kcal/hr, 
which corresponds to a steam consumption of 10 tons/hr [6]. 


This steam consumption at a pressure of 2.5 abs atm is equivalent to 1060 
kW of power, if the steam condenses at a pressure of 0.04 abs atm, as happens 
in turbine condensers; the turbine efficiency is assumed to be 0.8, the generator 


efficiency 0.98 and the mechanical efficiency 0.98. 


It is also necessary to take into account that the power of the circulating 
pump is about 100 kW. 


The consumption of the cooling water is estimated at 515 m*/hr, i.e. approxi- 
mately the same as the water consumption in the turbine compressor set. 


From the above consideration it follows that from the point of view of power 
economy, the absorption cooling installation has no advantage whatsoever in 
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comparison with a compressor installation. The absence of machine equipment may 
be considered a certain advantage in the absorption installation (there is only 

one small circulating pump of rather small dimensions). The size of the absorp- 
tion cooling installation is much bigger than the size of the compressor instal- 
lation. 


The lowering of the hydrogen temperature may be achieved by its expansion 
in a turbo-exhaust pump, after a preliminary compression. Let us assume that the 
hydrogen pressure inside the turbo-generator is 4 abs atm and the temperature of 
the compressed gas at the outlet of the cooler, situated after the turbo-compressor, 
is 30°C. In order that the hydrogen temperature be lowered to 0°C after expansion 
in the turbo-exhaust pump, the gas should be compressed to 6 abs atm, if the ef- 
ficiency of the turbo-exhaust pump is 0.8. 


The energy required to compress 1 kg of hydrogen from 4 abs atm to 6 abs 
atm is equal to 0.209 kWhr. Since, for the heat dissipation of a 200 MW genera- 
tor, the total amount of hydrogen required is 20 tons/hr, then the total power re- 
quired for the compression of hydrogen will be 4180 kW. It is necessary to point 
out that part of the work, performed by the gas expanding in the turbo-exhaust 
pump, may be usefully employed, but the amount so recovered does not exceed 
10 to 12 per cent of the work spent in compressing the gas. Thus, the power re- 
quired for the cooling of hydrogen in the turbo-exhaust pump will be 3700 kW, i.e. 
5 times more than the power required to drive a compressor cooling installation. 
Moreover, the production of such a cooling system would require additional com- 
plicated equipment: a turbo-compressor to compress the hydrogen, coolers for the 
compressed gas and a turbo-exhaust pump for its expansion. 


From the above discussion it follows that the development and realization 
of liquid cooling, first of the stator winding, and then of the rotor, offers the 
best prospects for increasing the power of a turbo-generator while keeping its 
dimensions unchanged. 


The forced cooling of hydrogen by cooling installations does not produce the 
desired effect because of the great expense of running the installation and the 
necessary capital investment. It may prove advantageous in particular cases, for 
instance, when a considerable quantity of low temperature exhaust heat is avail- 
able and when this heat may be used in an absorption installation. 


Translated by S. Szymanski 
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ON THE SURFACE RESISTANCE OF DIELECTRICS * 
A.P. GEPPE 


Moscow Power Institute 


(Received 4 July 1957) 


Although the specific surface resistance pg, is one of the five fundamental charac- 
teristic electrical properties of dielectrics along with e¢, p,,, tan 6 and Ep), it is not 
yet however fully characterized and the term “surface conductance” is not clearly 


defined. 


The term “surface conductance” usually means the electric conductance of the 
surface layer of a substance, but the thickness of this layer remains undetermined 
in those cases where the dielectric is covered by a film of increased conductance. 
Consequently, the physical meaning of the surface conductance ys = 1/p, is not 
sufficiently clear. The fundamental equation, relating the value of the surface resist- 
ance R, to the geometrical dimensions of a specimen (the length of electrodes / and 
the distance between them 5) b 

Rg = Rone (1) 


is often applied without sufficient physical foundation. For instance, on the basis 
of this equation the following definition is deduced: “The surface resistivity is 
numerically equal to the resistance of a square (of arbitrary dimensions), imagined 
to be constructed on the surface of a substance when the current flows through two 
opposite sides of this square” [1]. The second formal deduction is the “principle 
of similarity”; the meaning of this principle is that with geometrically similar 
configurations of electrodes (b// = const.), the quantity R, remains constant [2]. 


The nature of the conducting surface is usually connected with the presence of 
a film of moisture on the surface of the dielectric. The influence of moisture on the 
surface, usually enhanced by the presence of soluble ions, has been convincingly 
proved by many investigators of the phenomena of surface conductance [3- 7]. 
Hydrophilic substances, however, do not always function in an atmosphere of in- 
creased humidity. Moreover, high quality hygrophobic dielectrics have recently been 
widely used, for example fluoroplastics, organic silicon compounds, polyethylene etc. 
The surface electric conductance of many of these substances deserves more de- 
tailed study. 


* Elektrichestvo, No.3, 60 — 65, 1958. 
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A very important starting-point for theoretical research and for the measurement 
of surface electric conductance is the exact definition of such a term as the surface 
current (or the current surface leakage). The existing definition which defines a sur- 
face current as the current flowing on the surface of insulation (or in the surface 
layer) is not clear. It is necessary, however, to keep in mind that this current is of 
practical importance. The necessity for its determination has posed the problem of 
the study of the phenomenon of surface conductance. Consequently, the notion of sur- 
face current should be completely adapted to practical requirements. In practice it 
is necessary to know the current between the electrodes situated on one side of the 
insulator surface. This current should be considered as the surface current, without 
restricting the domain of its flow by a layer of any definite thickness. It is necessary 
that this definition should also include dimensions of the electrodes, i.e. their 
width and length, for determination of the surface current. At present we take into 
account only the length. This is the consequence of the formal character of the 
initial assumption. 


The definition of the term “surface electric conductance” may be clearly de- 
duced on the basis of the above definition of the term “surface current”. This con- 
ductivity, therefore, means the conductance of the dielectric between the electrodes 
situated on the same side of its surface. In investigating the flow of the current be- 
tween such electrodes we must distinguish two strictly different cases: the first, 
when electric conductances of the superficial and internal layers of the substances 
are equal, and the second, characterized by the presence on the surface of the dielec 
tric of a layer with considerably increased conductance in comparison with the con- 
ductance of the internal region. 


Let us consider the first case and deduce the equation for the calculation of the 
value of the surface resistance R, when a current is flowing between the flat elec- 
trodes A and B, of length / and width a, placed on the surface of the dielectric ata 
distance B apart (Fig. 1). 


We assume that the volume resistance p,, has the same value on the surface 
layers and inside the dielectric. 


Calculation can be carried out by an approximate method, assuming, for sim- 
plicity, that the boundary lines of the current tubes are semicircles. 


In the absence of a strongly conducting layer on the surface, the resistance be- 
tween the electrodes (surface resistance R,) will be determined by the geometrical 
dimensions of the current tube (dimensions a, b and J), and by the value of 


Py = 1/yYy of the dielectric. 


The electric conductance dG of the elemental area kstu will be: 
dF 


yd 


where dF =l{dr; 
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The conductance of the portion pgnm, 


v 


and its resistance 


Now we can easily find the resistance en- 
countered by the current between the elec 


trodes A and B (i.e. Rs) 


R s=JaR= {Bey ees dg, 


or 


nape 3 
The comparison of equation (2) with 
equation (1), which at present is norm- 
ally used, shows that only the electrode 
length / has the same influence in both 
cases on the value of Rg. 


FIG. 1. Diagram for calculation of the 


surface resistance of a dielectric The dependence of Rg on the distance 
without surface film of increased con- between the electrodes b, in equation (2), 
ductance. is, however, of a more complex nature 


than in equation (1). It should be particu- 
larly pointed out that in equation (2), as opposed to equation (1), the dependence of 
the electrode width a on R, is taken into account. 


The resistance R, according to equation (2) does 
not increase linearly with the distance between the 
electrodes as it does in equation (1), but increases 
considerably less rapidly. Calculations show that, for 
instance, by increasing b from 1 to 20 mm, the value 
of R,, according to equation (1), increases 20 times, 
and according to equation (2) only 3.3 times (the width 


FIG. 2. Dependence of the sur- 


: face resistance Rs onthe elec- 
of the electrodes a is taken as 20 mm) since its value trode width a, for b = 5 mm and 


enters into equation (2). Experimental investigations / = 80 mm; (1) experimental 
of specimens of genitax and textolite, performed with Curve obtained by testing a 
electrodes 80 mm long and 20 mm wide, show that, by “Pecimen of getinax 10.4 mm 


thick, at 55 per cent relative 
humidity, (2) calculated (from 
equation (2)), 


increasing the inter-electrode distance b within the 
stated limits (from 1 to 20 mm), the resistance Rg in 
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various experiments increased 1.75 - 4.25 times. 


The experimental verification of the dependence of R, on the electrode width 


shows a sufficiently close agreement between the experimental results and the 
values calculated by equation (2) (See Fig. 2). 


Thus, despite certain simplifications, assumed in the deduction of equation (2), 
this equation correctly accounts for the influence of the geometric dimensions of the 
electrode and the distance between them on the value of the surface resistance of the 
dielectric, in the absence of the film of increased conductance on the surface. The 
current between electrodes situated on one side of the surface in this case flows 
through the bulk of the substance, and not only in a thin surfaee layer. The density 
of the current will be greater in the upper layers of the substance. In a sufficiently 
thick specimen, curronts flowing in internal regions may be so small that we can neg- 
lect them. In consequence, we may consider the depth of penetration of the current 
into the specimen when the current flows between the electrodes situated at the sur- 
face. Experiments have shown that this depth is of the order of a few mm. 


Calculating the value of R, by equation (2), and afterwards finding the value of 
Ps by formula (1), we get 


Ps  9a-+6. Po ot Po==ho,. 


Hence, it follows that p, is not a specific constant of a given substance (since 
the factor k depends on dimensions a and b), but this contradicts equation (1). More- 
over, taking a = 10 mm and 5 = 2 mn, these being the usual dimensions of ordinary 
electrodes, we have & = 6.55 cm™!. For other values of a and b found in practice, the 
factor k will be within the limits 1-10 cm-?. Hence, we may corclude that, in the ab- 
sence on the surface of the dielectric of a conductive film, the value of p, determined 
by the above method should be expressed by a number of the same order as the value 
of p,(for instance, for various types of getinax, p, = 10**- 10” ohm.cm, ps = 10'*- 10” 
ohm., etc.). 


In fact, it is well known that many hydrophilic dielectrics in a comparatively low 
relative humidity (60-70 per cent), and hydrophobic dielectrics in a high relative 
humidity have the values of p,, and ps expressed by approximately the same number, 
although given in different units; consequently this coincidence of numerical values 
is not accidental, but caused by the flow of the surface current through the internal 


region of the substance. 


For the above case, the surface resistance R, is determined, not only by the geo- 
metric dimensions, but also by the value P., of the substance. The influence of these 
factors is quite satisfactorily accounted for by equation (2). The investigation des- 
cribed above leads to the conclusion that formula (1) is not valid for this case; and 
its modification for widely used round electrodes is also invalid. In the absence from 
the surface of the insulation of the film with the increased conductance (or when the 
thickness of the film is very small), such a characteristic of the substance as px, 


proves to be superfluous. 
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Although the surface conductance of dielectrics in presence of the layer with 
the increased conductance has been investigated very thoroughly, nevertheless it is 
desirable to consider some aspects of this phenomenon. Fig. 3 shows a diagrammatic 
cross-section of a portion of a dielectric, on the surface of which is a film with a 
thickness of 5; the volume conductance y,¢ is much greater than the conductance of 
the internal regions of the substance (Yof ea Ad 


FIG. 3. Diagram for determining the 
value of the surface resistance Rs 
of a dielectric inthe presence onits 
surface of the film of increased 
conductance. 


Let us determine for this case the value of 
the surface resistance Rs, when a current 
flows between the flat electrodes A and B of 
length J and width a, situated at a distance b 
apart. The current between the electrodes, 
which is a surface current, can be considered 
as a sum of the currents, one flowing in the 
surface layer and the other inside the dielec- 
tric 1, = 1,1 +]s59. In this case, for a film of 
a sufficient thickness, 5/5) >> 1s2, so we may 
assume that /, = 1,). Then R, = Ry, (Re is the 
resistance of the film). Obviously, Rr= Py fo/F, 
where pyf = 1/yyf, and F = 15 (the area of trans- 
verse section of the film). 

Hence Ro ig 

Mabe = re (3) 


If the thickness of the film is uniform, the ratio Pape is a constant. 


If we denote this ratio 


Ps = puf/8(Q) (4) 


then equation (3) transforms into equation (1). Thus, the realm of applicability of 


equation (1) is made clear. Using this equation we may determine the surface resist- 


ance; but this is possible only when on the surface of the dielectric there is a film 


of incrcased conductance Yof> and of a sufficient thickness 5, i.e. when we may neg- 
lect the current /,5. Such conditions occur in the case of hydrophilic dielectrics in 
an atmosphere of increased humidity, when the thickness of the humid layer on the 


surface sharply increases. The presence of the soluble ions in the substance, of 
various gases in the surrounding air and of surface impurities, giving soluble ions, 
decreases the value of Rg still more, since the volume resistance of the film Yof 


decreases. 


For the case in question, the physical meaning of the surface conductance 
Ys = 1/Ps becomes clear. From equation (4) it follows that y, = 5/Pyf, or 


Ts 9- Typ. (5) 


The volume electric conductance of the film 
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where n is the number of ions in 1 cm’, q the ion electric charge, K the ion mobility. 
Equation (6) is given for the case when the film contains ions of the same polarity 
and mobility. After substitution of (6), equation (5) becomes 


Ys=0-7n K-q. 


The product 6.n = ngy, represents the number of ions in a portion of the surface 
layer with an area of 1 cm ? (ion surface density). Taking this into consideration, we 
obtain the expression for y, in its final form: 


(5a) 


Ys= aK 9. (7) 
If the film thickness 6 is comparatively small (for instance in the presence of 
slightly though aot excessively increased air humidity), we cannot neglect the current 
159. In determining the surface conductance G, it is necessary to consider the con- 
ductance of the upper layer G, =1/(p,6/l),on which the current /,; depends, and the 


1 


which determine 


conductance of the internal region of substance G,= ; 


the value of the current Igo: 


; 1 ‘ 
0,=0,40,-1( 5 42 


For the case in question, the surface resistance is 
1 
R = — 
8 Gs 
or 


l 
(54S) 
ps0 tT Po 


Equation (8), for the determination of R,, is of a more general character, and 


equations (1) and (2) are its particular cases. 


The surface resistance of substances with an open porous surface will de- 
crease very sharply in an atmosphere of high humidity, since in this case the volume 
resistance p,, considerably decreases. As follows from the previous discussion, the 
surface resistance is determined by the value of p, only in the presence on the sur- 
face of the substance of a film of increased conductance. Moreover, if the thickness 
of the film is small, then R,, according to equation (8), also depends on the value of 
Py of the substance. As has already been stated, for a very thin film or in the ab- 
sence of a film, we do not need to know the property pg, at all. In cases when it is 
important to a certain extent, it is necessary to bear in mind, that the value of p, de- 
pends on properties of the surface film. Certainly, the film thickness 6 and its volume 
resistivity pyf depend to a considerable degree on the properties of the dielectric, 
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but we also have to reckon with the possible influence of various objective factors. 
All this leads to the conclusion that the existing cautious opinion about the factor 
Ps, as a characteristic of insulating materials is sufficiently justified. 


Since the surface resistance of dielectrics is important in practice, we can find 
its value not from the value of Ps, but by measuring the surface resistance of speci- 
mens of dielectrics by using round electrodes of strictly specified dimensions, thus 
ensuring the attainment of comparable results. 


The methods of determining R, (p,), recommended by standards GOST 6433-52, 


are basically incorrect and therefore subject to criticism. 


The tendency to measure not the total current, flowing between the electrodes 
A and B situated on the surface (Fig. 4), but only the part of it /;) which flows in the 
surface layer of the specimen, and which is considered by GOST authors as the sur- 
face current, has resulted in a natural tendency to lead away the current /,9 so that 
it is not recorded by a galvanometer G. For this purpose, an electrode C is fixed to 
the lower surface of the specimen and the earthing of this should ensure the desired 
result. At a first glance everything seems to be correct: first, the galvanometer 
measures only the current required; secondly, such an arrangement of electrodes per- 
mits the use of the same specimen for the determination of p,, and pg, this being con- 
venient. 


In fact, however, the presence of the 
electrode C and still more the fact that it 
is earthed are not only undesirable, but 
often quite inadmissible. If we accept the 
definition of the surface current which is 
recommended in this article, then the use- 
lessness of the electrode C becomes ob- 
vious. Still more, this electrode cannot per- 
form its function in the actual method of 


eat 


FIG. 4. Diagrammatic lay-out of elec- measurement of the surface current. In fact, 
trodes for determination of the sur- why should the electrode C lead away the 
face resistance by the standard 


total so-called “volume current” /,9? It 

is quite clear that for the same substance 

the value of the current /,, will vary with 
the specimen thickness d, other things being equal (equal voltages U and dimensions 
a and b). For sufficiently thick specimens (8-10 mm and more) and for the recom- 
mended standard distance between the electrodes 6 = 2 mm, a very considerable part 
of the “volume current” will nevertheless flow towards the electrode B. Thus, both 
the thickness of the layer, in which the current flows between electrodes A and B, 
and the current /,, itself are determined, and this corresponds to the vagueness of 
the existing definition of the term “surface current”. 


method. 


When a film of considerably increased conductance is present on the surface of 
the dielectric, the electrode C will be superfluous, since in this case we can neg- 
lect the current /,o in comparison with /,). 
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The experimental determination of R, for thin fabrics should be particularly con- 
sidered (i.e. for lacquered fabrics and substances in the form of a thin film). 


In this case b >> d, and this is very important as the electrode B is far away 
from the electrode A, while the electrode C is very close to the electrode A along the 
whole length of the latter. 


Taking into account that the potentials of B and C, the latter being earthed, are 
almost equal (6g = d¢ = 0), it becomes clear that the electrode C entirely screens 
the electrode B, which finds itself practically outside the electric field. When a vol- 
tage is applied to the specimen, the total current from the electrode A in fact flows 
towards the electrode C, by-passing the electrode B. As a result, the use of the 
standard method creates the false impression that thin insulation fabric has a very 
high surface resistance. For instance, in tests on specimens of various cotton 
lacquered fabrics, carried out according to the above method, no surface current 
could be detected even when these specimens were heated-up to 120°. 


Yet the test on the same specimens carried out without the electrode C resulted 
in the measurement of R, even at room temperature; and this resistance was far from 
infinity (10% - 10'! Q), decreasing at 120° approximately to 10* 0. 


A paradoxical result also was obtained in finding 
the relationship between the surface resistance of 
the lacquered fabric LK}, -2 0.17 mm thick, and the 
time of keeping the specimens in water, when carry- 
ing out this experiment by the standard method. The 
graph of this dependence (see Fig. 5) shows that at 
the beginning the resistance R, sharply decreases 
and after passing through a minimum, increases 
slowly, a result which is entirely unexpected. 


This behaviour is also due to the experimental 
method. The sharp decrease in R, for the initial 


(Hours) ; a: ; 
stages when the specimens were kept in water is 
FIG. 5. Relationship between caused by the moistening of the substance. Further, 
the surface resistance Rg of the difference in conductance of outer and inner 


the lacquered fabric LKh- 2, 
0.17 mm thick, and the time 


of keeping specimens in water. : ; 
eee out by the stan- penetration being helped by the tissue structure of 


dard method. the material. In consequence, the current flowing 
towards the electrode C sharply increases, and the 
screening action of this electrode becomes effective. This, in turn, brings about the 
decrease of the current /,,, and the apparent increase of the value of Rg. 


layers begins to decrease, and this is due to the 
penetration of moisture inside the specimen, this 


Hence it is advisable to carry out the measurement of the surface resistance with- 
out the lower electrode C, because only in this case is it possible in fact to measure 
the current between the electrodes situated on the same side of the specimen surface, 
i.e. the surface current. The specimen under test should be placed on an insulated 
base avoiding any metal supports, even non-earthed, when the current between the 


16 On the surface resistance of dielectrics 


electrodes A and B (Fig. 4) will flow not directly but by a path A CB. 
Translated by S. Szymanski 


REFERENCES 


1. N.P. Bogoroditskii; V.V. Pasynkov and B.M. Tareey; Elektrotekhnicheskie materialy 
(Electrotechnical materials ) Gosenergoizdat (1955). 

2. B.M. Tareev; Osnovy fiziki dielektrikov (Principles of the physics of dielectrics), 
Izd. Vses.Zauch. energ. inst. (1954). 

3. P.A. Florenskii; Dielektriki i ikh tekhnicheskoe primenenie (Dielectrics and their 
technical applications), Red.-izd. otd. Glovelektro Vys. Sov. narod. khoz. (1924). 

4, N.N. Semenov and N.M. Chirkov; O poverkhnostnoi elektroprovodnosti dielektrikov 
(On the surface conductance of dielectrics), Dokl. Akad. Nauk SSSR, 51, No.1 (1946). 

5. N.P. Bogoroditskii and I.D. Fridberg; Vysokochastotnye neorganicheskie dielektriki 
(High frequency inorganic dielectrics), Izd. “Sovetskoe radio” (1948). 

6. M.M. Mikhailov; Elektromaterialovedenie (Electrical materials reference book) 
Gosenergoizdat (1953). 

7. Le Clerc; Variation with time of the surface electrical conductivity of glasses in a con- 
ditioned atmosphere, Silicates industr., 19, No. 6/7 (1954). 


THE DEPENDENCE OF FREQUENCY OF THE ROCHELLE SALT 
PIEZOELECTRIC VIBRATORS ON TEMPERATURE * 


K.F. GUBA 


Lvov Institute of Forest Technology 


(Received 30 October 1957) 


We have investigated twelve orientations of the Rochelle salt piezo-plates with 
respect to X, Y, Z co-ordinate axes; nine orientations were investigated on metal- 
lized plates, and three orientations were tested under the influence of electric 
field, with metallized as well as non-metallized plate surfaces. 


The experimental investigation of the dependence of the frequency of vibra- 
tions of a piezoelectric plate on temperature at different orientations led to the 
exact determination of temperature frequency cvefficients of different cuts, and this 


is of practical industrial importance. 


Fig. 1 shows temperature - frequency characteristics of the Rochelle salt 
piezoelectric vibrators with the basic surface perpendicular to the X-axis. The 
curves are: (1) for a metallized vibrator of length / = 2.073 cm, width b = 0.253 cm 
and thickness d = 0.08, its long side being inclined to the Y- axes at an angle 0 = 
22° 30’; (2) for a metallized vibrator of dimensions / = 1.60 cm, 6 = 0.20 cm, d = 
0.09 cm and 6 = 45°; (3) for metallized vibrator of dimensions / = 2.17 cm, b = 
0.194 cm, d = 0.071 cm, and 0 = 67° 30°; (4) for non-metallized vibrator of dimen- 
sions / = 2.59 cm, b = 0.449 cm, and d = 0.11 cm its long side being parallel to the 
Z-axis; (5) this vibrator differs from 4 only in that it is non-metallized. 


Plates characterized by curves 1-3 are excited by a longitudinal force, there- 
fore their frequency is determined by their longitudinal dimensions (length). [1]. The 
frequency of the plate, characterized by curves 4 and 5 (Fig. 1) is determined by 
its linear dimensions along the crystallographic “b” - axis of a Rochelle salt mono- 
crystal [2]. 

Curves 1-3 (Fig. 2) correspond to the three metallized vibrators with their 
basic surface perpendicular to the Y - axis; the vibrators are inclined to the X-axis 
at angles 0 = 22° 30, 45° and 67° 30. 

* Electrichestvo, No.3, 71-72, 1958. 
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FIG. 1. 


Linear dimensions of the specimens are respectively equal to: 

length, 2.795, 2.266 and 2.655 cm; width, 0.21, 0.235 and 0.24 cm; thickness, 0.096, 
0.091 and 0.09 cm. The frequency of plates characterized by curves 1-3 is a 
function of their length. Curves 4 and 5 (Fig. 2) are temperature-frequency character- 
istics of the same vibrator; non-metallized (curve 5) with its basic surface perpen- 
dicular to the Y-axis. The linear dimensions of the specimen are / = 2.51 cm, b = 
0.46 cm, d = 0.345 cm. The length of the plate is parallel to the Z-axis. The fre- 
quency of the plate, characterized by curves 4 and 5 (Fig. 2), is a function of its 
dimensions along the crystallographic “a” axis of a Rochelle salt monocrystal. 


Curves 1-3 (Fig. 3) show the influence of temperature on the frequency of 
vibrations of the three Rochelle salt piezoelectric vibrators, cut with their lengths 
at angles 0 = 22° 30°, 45° and 67° 30’, respectively, to the X-axis; the basic 
surface of plates is perpendicular to the Z-axis. The linear dimensions of speci- 
mens are respectively: length, 2.469, 2,512 and 3.13 cm; width, 0.282, 0.328 and 
0.348 cm; thickness, 0.082, 0.131 and 0.158 cm. The frequency of vibrations is a 
function of the plate length. 


The last result (curves 4 and 5, Fig. 3) is related to investigations of the 
frequency of the same Rochelle salt plate in the absence of metallization (curve 
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4) and in the presence of metallizations, (curve 5). The length of the specimen is 
parallel to the X-axis and its basic surface is perpendicular to the Z-axis. The 
dimensions of the plate are: 1 = 4.13 cm, b = 0.569 cm, d = 0.17 cm. The fre- 
quency of the plate is determined by its dimensions along the crystallographic 
‘‘bh”-axis of a Rochelle salt monocrystal. 


In recording the temperature frequency characteristics, the crystal temperature 
was varied at the rate of 0.1°C in 5-10 min. In the vicinity of the Curie-point the 
rate of variation did not exceed 0.05°C in 10-12 min [3]. 


Translated by S. Szymanski 
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THE USE OF ELECTRIC LOCOMOTIVES WITH RECTIFIERS — 
A REVIEW * 
A.M. KAKHELNIK 


(Received 15 October 1957) 


The beginning of the use of electric traction may be ascribed to the year 1837, 
when the Russian Academy of Science considered a scheme of the Russian 
scientist B.S. lakobi, “The application of electric power for ship propulsion,” 

It is known that in 1838-39 an electrically propelled ship navigated on the Neva 
river with 14 passengers on board. F’.A. Pirotskii, in September 1880, after some 
preliminary experiments, set in motion the first electric carriage in the world with 
40 passengers. Later, with a centralized production of electrical energy, electric 
traction using a d.c. current found wide application in many countries. 


With the development of the electric d.c. traction and of public electric grids 
the idea of using a.c. current for the railway traction arose. 


The first attempts abroad to use a.c. current for electric traction relate to 
the last decade of the nineteenth century, when Werner Siemens in 1892 tried to 
use three-phase a.c. current for this purpose; in 1895 a Swiss firm Brown-Boveri 
opened the first electric railway (of the urban type) in Lugano using three-phase 
current. 


In 1899 the main-line electric a.c. locomotive — the first in Europe — was 
built for the Burgdorf — Thun line (Switzerland). It was fed by a three-phase cur- 
rent of the frequency 40 c/s. Simultaneously with this, electric traction of lower 
frequency was developed: in Europe at 15 and 16 2/3 c/s, in the U.S.A. at 25 c/s. 
This is a short and very incomplete summary of the development of a.c. electric 
traction; this period preceded the appearance of an electric locomotive with 
devices for converting a.c. energy into d.c. energy. Such a conversion may be 
realized either by means of a rotary convertor (motor-generator), or by using a 
static converter. By this method we may have both the advantages of an a.c. 
supply system and the good traction qualities of a d.c. motor. 


In 1904 in Switzerland on the Seebach-Vettingen section the Oerlikon firm 
was the first in the world to attempt to use a single-phase current of normal 
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frequency 50 c/s, by converting it, on the electric locomotive, by means ofa 


synchronous motor-generator. 


This 400 h.p. locomotive, type Bo - Bo, underwent successful tests on the 
above mentioned section. But further development of this construction was aban- 
doned since the electric machine industry at that time was unable to produce an 
electric locomotive, with a rotary a.c.-d.c. convertor, within reasonable weight 
limits. Later, with the improvement of production methods and with the weight 
reduction of the motor-generator set, electric locomotives of this type were used. 


In the search for reducing the convertor weight, attention was drawn to the 
mercury rectifier. 


First experiments in the use of a static convertor were carried out by the 
Westinghouse firm, which in 1914 built a motor coach, with a multi-anode exhaust- 
type mercury rectifier, for the New-Kanaon branch of the New York-New Haven 
railway. These tests proved unsuccessful, since at that time technical ability 
was insufficient to produce rectifier tanks with sufficiently strong and tight 
seams to withstand travel shocks. Moreover, this system caused disturbances in 
the telephone network. This carriage was withdrawn after a 35,000 km run. 


Tests which were carried out by the same firm with mercury rectifiers with 
welded tanks did not give more successful results because of the lack of effective 
protection of the tanks from vibrations. 


Thus, more than 20 years elapsed from the first attempts to use a.c. for rail- 
way traction up to the first application of a static a.c.-d.c. convertor on the 
locomotive itself. 


It is necessary to add that besides the single-phase a.c.-d.c. system, other 
systems were investigated such as: a three-phase single-phase, electric loco- 
motives with single-phase commutator motors and others. 


After unsuccessful attempts in 1914, the problem of using mercury rectifiers 
on electric locomotives did not arise until 1925, when Reichel (Germany) pre- 
sented the plan of such a locomotive. This plan was never realized since it was 
based on the three-phase method of feeding, and such a system offered no ad- 
vantage. 


The progress in making welded seams in metallic tanks and the experience 
accumulated in production and exploitation of mercury rectifiers in the traction 
substations brought about the renewal, by the Brown-Boveri firm in 1930, of 
work on the application of mercury rectifiers for the system of traction using a 
single-phase a.c. 


For this purpose an old electric locomotive type 1-Co-1 of the Simplon line 
was provided with a multi-anode rectifier, capable of working on frequencies from 


15 to 60 c/s. 


In the same year, 1930, Siemens-Schuckert built a contact-accumulator elec- 
tric locomotive, which was fed from a single-phase grid at 15 kV, 16 2/3 c/s 


* 


Electric locomotives with rectifiers 83 


through two glass mercury rectifiers. This locomotive was destined for repair, 
for inspection of the grid and for shuntling work. 


In 1932 Reichel renewed his proposal, but this time he suggested single- 
phase a.c. feeding with control-grid rectifiers. However, this system with a low 
frequency (16 2/3 c/s) does not offer any particular advantages in comparison 
with electric locomotives, equiped with single-phase commutator traction motors. 


In June 1932, the first All-Union Conference on railway electrification decid- 
ed to press for work concerning the practical use of electric traction, based on a 
single-phase normal frequency current. 


In this year “Elektrosila” (“Electric power”) factory mastered the production 
of mercury rectifiers with control grids. As a further step, such a rectifier was 
used for the equipment of an electric locomotive, built by the “Dinamo” factory; 
it was fed by the single-phase industrial frequency current. 


In 1933 the Directorate of the German railways decided to begin trials on 
traction using a single-phase, 50 c/s, 20 kV current; the trials were to be car- 
ried out on the Hollentall line in Schwarzwald. Work on the project for electri- 
fication of this line started in 1930, but the initial intention was to use a cur- 
rent of 16 2/3 c/s frequency. 


In 1936, of the four electric locomotives which were put in service on this 
line for trial, two locomotives were fitted with the multi-anode exhaust type 
mercury rectifiers, with water cooling. Locomotive & 244.01 was built by the 


A.E.G. Co., and locomotive FE 24411 by Brown-Boveri. 


Simultaneously with this, in the U.S.S.R., both research and design were 
carried out with a view to building a similar electric locomotive. In September 
1938 the Kirov “Dinamo” works jointly with the V.V. Kuibyshev locomotive 
factory at Kolomna, built the first Soviet electric locomotive mark OR-22-01, for 
the single-phase a.c.-d.c., fitted with the 12-anode mercury rectifier model RV-20, 


which is used on traction substations. 


During the period between the two World Wars, electric high-power grids were 
developed on a large scale, and feeding of a railway single-phase grid from a 
three-phase grid was made much easier. In 1942 the construction of the ignitron 
rectifiers was greatly improved; these improvements greatly contributed to the 
wide use of ignitrons in the metallurgy of non-ferrous metals during the Second 
World War, particularly in aluminium and magnesium production. These two cir- 
cumstances gave a new impetus to the development of the single-phase-d.c. 
system of electric traction with the use of static convertors. 


The results of trials, carried out on the Hollental line, which after the War 
was placed under French occupation, drew the attention of French Railways. A 
few weeks after the occupation of Germany the Society appointed a commission to 
carry out tests on this line. The conclusions of the commission led to electri- 
fication in 1950 of the 78 km line Aix-les-Bains — La-Roche-sur-Fauron in Savoy 
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(France), in view of the final investigation of problems, arising with the single- 
phase 50 c/s system. 


Positive results of the experiment with exploitation of this line led to the 
large-scale electrification of the north-eastern French Railways region, which 
carries much goods traffic; a single-phase current of line frequency is used + 
throughout. 


In 1948, in the U.S.A., trials were undertaken: first on a stand, and later 
on an experimental el-motor coach built by the Westinghouse Company, with a 
mercury rectifier. This carriage started its running tests on 15 July 1949, and 
after completing 4000 km was assigned for the normal service on the Pennsyl- 
vania railway (25 c/s). The results of this trial led to the conclusion that rol- 
ling stock of the single-phase d.c. system with mercury rectifiers had passed the 
stage of laboratory tests. 


The outcome of these experiments was the order of the New York-New Haven 
railway of the Westinghouse Co. for 100 such el-motor coaches. 


On the trial section of French Railways in Savoy a motor coach, mark Z-9055, 
with the single-anode ignitron rectifiers of American construction was tested; 
these rectifiers were made in France on licence. In July 1955, the Alstom firm 
delivered for this line an electric locomotive mark VV-8051 with mercury recti- 
fiers of the same type. 


In November 1957 the first of the two electric locomotives with rectifiers 
built for the Pennsylvania railway was delivered for use. In 1957 the A.E.G. Co. : 
equipped electric locomotives, fed by 50 c/s. a.c., with a bridge circuit system; 
and the Brown-Boveri Co. performed an experiment for the first time with two 
single-anode air-cooled rectifiers, installed on the locomotive E-244.11 of the 
Hollental line. 


At the beginning of 1952, two double-section electric locomotives, built by 
the Westinghouse Co., were delivered for the Pennsylvania railway; they were 
fitted with ignitron rectifiers 2/VVV/ and 2/SS/, their power was 6000 h.p. 


In December 1952, on the Lancaster-Morecambe-Heysham line, a motor- 
coach, with a mercury rectifier fed by a single-phase, 50 c/s current at 6.6 kV, 
was sent on experimental runs. A regular passenger service began in August 
1953. For this purpose three three-coach sets were equipped with a d.c. instal- 
lation fed through mercury rectifiers. 


In 1953, the Administration of Peat Transport of the Shatur Administration of 
the Ministry of Electric Stations in the U.S.S.R. electrified the ten-kilometer 
Baksheevo-Lidino section, and at the end of 1956 the length of the electrified 
line run by the Shatur Administration was more than 20 km. For this line an 
electric locomotive, with a six-anode, controlled, non-exhaust mercury rectifier 
mark P-KO-1 was built by the S.M. Budennyi electric locomotive factory in 
Novocherkassk; this locomotive was fed by a single-phase, 50 c/s current at 
6 kV. This locomotive is still in service at the present time. 
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On 1 April 1954 a ten-motor-coach train with mercury rectifiers was delivered 
for the New York -New Haven line. It was equipped by the Westinghouse Co. and 
worked on a multi-unit system. In 1955 this line received a hundred more coaches. 


In December 1954 the delivery of ten high-speed electric passenger loco- 
motives, of rectifier power 4000 h.p., began for this railway; delivery by the 
General Electric Co. was finished in March 1955. These motor-coaches and 
locomotives work equally well on the 25 c/s a.c. or on d.c. at 650V. In 1954, 
in the U.S.S.R., the Novocherkask electric locomotive factory built two electric 
locomotives of the NO series, which were equipped with the ignitron single-anode 
rectifiers. These rectifiers were designed and constructed by the All-Union V.I. 
Lenin Institute of Electric Technology and were tested on the experimental ring 
of the All-Union Railways Scientific and Research Institute. These locomotives 
are fed by a single-phase 50 c/s a.c. andhave the same power as the Soviet main 
line d.c. locomotives VL 22m. 


In June 1955 the Virginia Railway ordered 12 electric locomotives of the 
type supplied by the General Electric Co. for the New York-New Haven line. 
These locomotives will replace the 36 old electric locomotives with asynchro- 
nous motors, since these locomotives are already 30 years old. 


It is necessary to point out that an ionic convertor usually works as a recti- 
fier, converting a.c. into d.c. At present, the work of an ionic convertor acting 
as an inverter i.e. as a device for converting the a.c. energy into the d.c. energy, 
is explained theoretically and verified in practice. This opens up the possibi- 
lity of the use in practice of the regenerative braking of electric locomotives 
with mercury rectifiers. In this case an appreciable amount of energy is returned 
to the grid and the specific consumption of energy decreased. 


At the beginning of 1955 only one out of the 17 electric locomotives, which 
were ordered from the Brown-Boveri Co. for open-cast brown coal mines in the 
Rhineland, was to be fitted with a mercury rectifier with regeneration; at the end 
of 1955, locomotives for the same purpose were in production, and these were 
equipped with pumpless air-cooled valves, capable of regenerating the energy. 


M. Tessier, in his lecture delivered at the conference in Lille (France) on 
problems of electric single-phase traction at line frequency, stated that nearly 
half the rolling stock of the north-eastern French Railways will consist of elec- 
tric locomotives with mercury rectifiers. 


In October 1955 tests began on the Japanese State railways, on two electric 
locomotives of type Bo -Bo, of the ED 451 series, with mercury rectifiers to be 


fed from the 20 kV, 50 c/s grid. 


On 1 December 1955,for the first time in the world, a motor-coach with a semi- 
conductor germanium 750 kW rectifier was put into service on the Lancaster- 
Heysham line. The rectifier was made by the British Thomson-Houston Co.; it 
is of the two half-period system and is air-cooled. 


In the U.S.S.R. from the beginning of 1956 electric locomotives of the NO 
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series, produced by the locomotive factory in Novocherkassk, have been in 
service on the Ozherel’ e-Mikhailov section, and since the end of 1956 they have 
been used on the Ozherel’ e-Mikhailov-Pavelets section of the Moscow-Kursk- 
Donbas railway. 


In 1956, the British Transport Commission recommended, for the electrifi- 
cation of British railways, a single-phase line frequency current at 25 kV, and 
decided to accept in principle electric locomotives with rectifiers. 


The good characteristics of the locomotives fitted with rectifiers, their abi- 
lity to cope with different traction conditions, as well as experience in service 
with electric locomotives of other systems led to the decision of French National 
Railways to suspend completely orders for locomotives with motor-generator sets 
or with single-phase commutator traction motors. The table given below clearly 
proves the accuracy of this statement and gives a picture of trends in the distri- : 
bution of orders for the north-eastern French railways. 


For the Lisbon-Oporto line of the Portugese railways, which was electri- 
fied at the end of 1956 on an industrial frequency a.c., 15 ignitron electric loco- 
motives Bo -Bo were ordered together with other items of rolling stock. 


Number of electric locomotives 


With recti- 
fiers feeding 
d.c. series 
traction 
motors 


With a.c. commutator 
traction motors 


Motor generator type with 


electric traction 
motors 


Year of 
order 


on three-phase 
a.c. 


1952 

1954 9 
1955, first half 38 
1955, second half 75, 


1956 


As early as 1932 in Hungary, the Budapest - Hodieshalom section was elec- 
trified on a single-phase line frequency current; electric locomotives of the 
Kando system were used on this line. But, because of defects which were recorded 
during service, construction of these locomotives was abandoned. 


Taking into account progress achieved during recent years, the Hungarian 
State Railways intend in future to buy single-phase locomotives, fitted with recti- 
fiers and d.c. motors. 


On 27 May 1957 in Munich a six-axle shunting electric locomotive came 
‘into service; on this locomotive, instead of two mercury rectifiers, a silicon 
semiconductor rectifier made by the Siemens-Schuckert Co. was fitted. With air- 
cooling and a continuous power P .. = 800 WW, this rectifier is remarkable for its 
small dimensions. It is necessary to point out the advantages which silicon recti- 
fiers offer in electric traction, because of their greater reliability in service, 
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under difficult temperature conditions, in comparison with germanium rectifiers. 


At present British Railways have ordered 35 complete germanium semi- 
conductor rectifiers from the British Thomson-Houston Co. for some sections of 
the Manchester-Crewe line. 


On 1 October 1957 in Japan an electric locomotive with rectifiers of the series 
ED 70 at 20 kV, 60 c/s came into service. 


At the end of 1957 in the U.S.S.R. the first model of the main-line series 
electric locomotives was delivered; it works on a single-phase line frequency 
current and is fitted with ignitron rectifiers, series N 60. This locomotive with 
an axle formula Ho-Ho, a power 4000 kW and with six-pole traction metors is 
one of the best locomotives of this type in the world. 


Thus we may draw the conclusion that during recent years electric loco- 
motives, fed by a.c. and fitted with static rectifiers, are more widely used than 
other types. This is due to great improvements, which were made in the produc- 
tion of rectifiers during the last 15-20 years, and also to the good traction quali- 
ties of electric locomotives fitted with rectifiers. 


Translated by S. Szymanski 
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SERVICE TESTS 


TESTS OF THE EXPERIMENTAL INSTALLATION OF 
AN IONIC EXCITED HYDROGENERATOR* 
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Institute of Electromechanics of the U.S.S.R. Academy of Sciences 
S.F. ZONOV 
Lenergo 


(Received 1 November 1957) 


Ionic systems of excitation act very quickly and owing to this they are very effective 
means for increasing the stability of synchronous generators. These systems are also 


very efficient economically. 


In 1951-1955 an installation for independent ionic excitation was designed and 
made for the Hydro Electric Power Station (H.E.P.S.) in Nizhnii Svirsk.' In this in- 


stallation sealed single-anode rectifiers were used. 


Description of the installation 


In order to ensure the highest possible service reliability of the installation a 
six-phase converter system was chosen; the same potential was applied to all 
cathodes. This system may work with a reduced number of rectifiers, whilst the 
rectified voltage decreases less than in other systems. It is to be pointed out that 
the converter may work with or without the ground equalizer. 


The system of ionic excitation of Nizhnii Svirsk H.E.P.S. consists of an 
auxiliary synchronous generator, an ionic converter, a control device, a protection 
and a signalling device. 


Since it was impossible to drive an auxiliary generator directly by the shaft of 
the main set, a synchronous motor, fed from the station local grid, was used. Never- 
theless, this arrangement does not change the principle character of the system, 
which is a system of independent ionic excitation. As an auxiliary synchronous 
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Service tests 


generator, a synchronous machine type S-15-12-6 of 950 kVA power was used; the 
stator winding of this machine was rewound for this purpose. 


The parameters of the auxiliary generator, which were determined experiment- 


ally, are given below. 


The auxiliary generator 


Upp (V) aR AeA termes: 6 oaioe | %5- (ohm)! he eee OL re 
Fane ines ist a ei ry bila + to .. 0.021 
$= 6U php (kVA)... e++ +. 1440 Peg i earn ey, 


Te CANS ae srt (aie vgeig eatin ee 

xq (ohm). ....seeee0- 3.02 Main generator 

%q (ohm) hs aaa aa 2.02 Uy RN) sew aeee 
<7 lola) syets tes Bea ee a 0.276 Fp GA) se oie aie 1730 
x, (ohm) Aycae 3 oecee "02037 SECM WIA) a eeatepera ode 33 
Meee Ohi) ee geoeiore mak veel? oe) OL205 1 AA eas xs § OE 
%, (ohm)... Shag oon sm ORO Vet as Seno gee 
Remarks: 


1, Excitation current /,, is given under no-load conditions. 

2. Phase resistance of the stator winding rg is shown together with cable 
resistance. 

3. Excitation voltage U,, is shown when rotor is warm. 

4, Leakage inductance of the stator winding x; was determined by calculation, 


In the case of six-phase construction of the generator, we have to deal with 
parameters of the first (forward or positive), second, third, fourth and fifth sequences. 
The stator winding of the generator is designed in such a way as to ensure the sus- 
tained action of the excitation system with one rectifier idle and to get a three-fold 
over-excitation while working with the total number of rectifiers. 


The effective value of the ase current under nominal conditions is 


lS. 900 
Paine Ss = BNA 
eae V6 


where g is the shape factor of the curve of phase current. 


lon = 


eV 2x 350= 


In the case of working with an incomplete number of rectifiers I, 
490 A, i.e. it is equal to the nominal current of the auxiliary Paine 


To increase the reliability of the action of the set, feeding of control networks, 
including gas-filled rectifiers and thyratreas, is done by an auxiliary generator. A 
carbon-pile regulator of excitation is/1sed for stabilizing the generator voltage. The 
ionic converter consists of six ignitrons of VET type I- 200 with an average value of 
rectified curreiat 200 A and a back voltage of 1300 V. Therefore, under nominal con- 
ditions of the generator work, ignitron current is 900/6 = 150 A, i.e. about 75 per cent 
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: of its nominal value. Ignitrons are 
situated in a cabinet divided into 
six cells; this arrangement allows 
a quick replacement of the faulty 

rectifier during the working of the 
set. 


Ignitrons are water-cooled in a 
closed cycle (Fig. 1). For water 
6) heating before the start and for its 


bq * cut-off valve cooling during the work, a heat ex- 
~~ - main cooling 


changer is used with automatic regu 
lation of the water temperature. The 


FIG. 1. Diagram pf the ignitron cooling: cooling system is provided with a 
(1) pump; (2) thermo-regulator; (3) return 
valve; (4) stream relay; (5) water stream 
indicator; (6) thermo-signalling device; : F 
(7) water-tank; (8) water heating resist- of a thermo-signal device sends an 

ance; and (9) ignitron. impulse through an auxiliary relay 


to a contactor, which turns on a 
solenoidal valve 3; after this the ignitron cooling continues by the flowing water, 


“= - stand-by cooling 


stand-by device working in an open 
cycle. Action of a stream relay or 


whilst the temperature of the water leaving the ignitrons is automatically regulated. 


Since ignitron ignition requires a considerable pulse power, an independent ig- 
nition system is used with a charge-discharge circuit. Control of the instant of the 
ignition of a thyratron and, consequently, of an ignitron, is made by a magneto-peak 
system, of which windings for magnetizing peak-transformers are connected to an auto- 
matic voltage regulator. The installation is previded with an electro-magnetic com- 
pounding system with voltage correction and with an electronic excitation regulator, 
the so-called “strong action” regulator. In order to force an intensive excitation and 
to cut it short when the electro-magnetic system is saturated, the magnetizing wind- 
ings are connected to the operative current grid by the action of the minimum and 
maximum voltage relay. Besides the automatic regulation of excitation there is a 
manual control of the generator excitation, which is exerted either by means of 
phase regulators, or from the station benchboard, or from the machine hall. Elements 
of the control system are situated in a cabinet divided into six cells in the same way 
as the ignitron cabinet. 


The voltage phase of the igniter with respect to the main anode voltage is so 
chosen, by means of phase regulators, as to ensure forcing of excitation and cutting 
off by bringing the converter into inverter action. 


The auxiliary generator is provided with axial differential protection. Moreover, 
to protect its stator windings from overvoltages six dischargers of PVVM-3 type are 
set up. The protection of ignitrons from flash-back is ensured by the use of quick- 
acting breakers type VAB-2. To protect the rotor of the main generator from over- 
voltages a discharger P- 100 with a limiting resistance of 1 Q for 200 A current is 
provided. 
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FIG. 2. Nominal condition of the installation: (a) with complete 
number of the rectifiers; (b) with incomplete number of the 
rectifiers, 


On the benchboard of the station there is a signalling installation that indicates 
the following undesirable events: flashback in ignitrons, repeated omissions in ig- 
nitron firing, stopping of water flow or an excessive water temperature, stoppage of 
excitation of the main generators and so on. Moreover, an electronic indicator of the 


voltage on the rotor slip-rings of the hydrogenerator facilitates the control of the per- 
formance of the set. 


Tests of the installation 


Tests were first carried out on an equivalent load with a stalled rotor, and then 
with a generator running on no-load and on load. The tests showed that the installa- 
tion ensures forcing of quick excitation and quick braking of exciting current. It may 
work with an incomplete number of rectifiers, thus permitting the replacement of a 
faulty rectifier without cutting off the converter. During these tests, the performance 
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of the ignitrons was checked under passing overloads (Table 1). Despite the fact 

that the amplitude of the p.d. between the rectifier anodes and cathodes in the ionic 
excitation installation was near to the nominal, forcing of the excitation during one 
min with a full number of rectifiers and with five rectifiers only, was not accompanied 
by a flash-back. In certain cases flash-backs were recorded when two adjacent recti- 
fiers were cut off. 


TABLE 1. 


ve Mean current 
Conditions of the most heavily | Duration 


i 
: 
/ loaded rectifier (A) (sain) 


Forcing with six ignitrons working 
Work with five ignitrons 
Forcing with five ignitrons working 
Work with four ignitrons 
Forcing with four ignitrons working 


1,=420a 0, 

ie : MAS RKAAAL uae 
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FIG. 3. Forcing of the excitation with the three phases of the main generator short circuited, 


Oscillograms were taken at the nominal value of the rotor current of the main 
generator with a complete (Fig. 2a) and incomplete (Fig. 2b) number of rectifiers. In 
a converter without a ground equalizer, the normal instant of rectifier igniting was 
shifted by 60° from the point of passing of the phase voltage through the zero value. 
Therefore counting of the regulation angle is made from this moment. 


In order to show the quickness of response of the system, oscillograms of the 
forced excitation, with the three phases of the hydrogenerator short-circuited, are 
shown in (Fig. 3). The minimum regulation angle was limited in such a way as to have 
the stator current, at the end of the transition period, not exceeding the fourfold nor- 
mal value. The time necessary to obtain a full value of the voltage, with the forced 
excitation started and cut off, is approximately equal to 0.01 sec. These oscillo- 
grams were recorded during the work without the ground equalizer. 
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Thermal tests of the auxiliary synchronous generator were carried under two loads 
with a complete number of ignitrons. Results of these tests are shown in Table 2. 


TABLE 2. 


Temperature Increase of temperature (°C) 


of incoming 
air of incoming of stator of rotor 
air steel winding 


(°C) 


of stator 
winding 


Temperature of stator and rotor winding was measured by the resistance method. 
Increase of temperature of the stator steel was measured by a few thermocouples 
situated on the stator outer surface. Table 2 shows the maximum temperature which 


was recorded in the middle part of the stator. The maximum increase of temperature 
occurs in the stator steel. 


Experimentally obtained values of voltages and currents and of angles of regula- 
tion and commutation were compared with calculated values. For this purpose relation- 
ships were determined for various converter networks. For the network without the 
ground equalizer they are: 


u = ME come Yack ($F) lem 


V2x,1 

— er 
cos (a -+- 7) =cos a — Sag ae 
where Xo and rg are the inductance and resistance of a generator phase; F is the 
effective value of the e.m.f. not distorted by the commutation process; AU is the vol- 
tage drop in the arc. Inductance xg may be represented [1] in this form: 


XG +3xq + 4x5 + 3x4 + Xs 
ae 12 ; 


Taking into consideration that inductances of the second, third and fourth sequences 
are determined by the stator leakage fluxes and by the higher harmonic components of 


the flux in the gap, it is convenient to represent reactance x, as a sum of two terms: 


vo 
yee + x5 — 2x1 Bia st 4% + 3xq Qed 
Bae 12 =e 12 


The second term determines that part of x, which is caused by leakage fluxes of the 
stator winding and by higher harmonics of the flux in the gap. 


Fig. 4 shows a vector diagram of the auxiliary salient pole synchronous generator. 
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On this diagram the fundamental harmonic of the stator current is 


I, 
V 2x’ 


[= 


F Sevag te ces ea 
and the angle ?; =tan sin y-sin (2a + 4) 


To determine ¢, we may also use a simplified formula. 

Thus, on the condition of forcing with a = 0; ¢ ~< y3 

when working with high values of a, 6; =a + v/2 
Knowing the longitudinal component of the e.m.f. ia 


the air gap, gq, the current in the machine longitudinal 
axis, and the load characteristic for this current at cos 


= 0, we may determine the exciting current in the aux- 
iliary synchronous generator. 


As a certain approximation we may use instead of the 
load characteristic the no-load characteristic. 


Comparison of data calculated by formulae and experi- 
mental data (see Table 3) shows that they agree rather 
well. 


TABLE 3. 


180 900 65 17 
180 900 64 17.5 


Conclusions 
The tests showed that the ionic excitation system using sealed single-anode 
rectifiers ensures a good performance in all service conditions (forcing and cutting 


FIG, 4. Vector diagram of Quantity 
an auxiliary generator. SSS 
Experimental value 


Calculated value 


off excitation, working with an incomplete number of rectifiers and so on). These 
tests also showed that the ionic excitation installation acts very quickly (time of 
growth of the total voltage is of the order of 0.01 sec). The validity of the above 
method of calculating the currents and voltages of the excitation system is confirmed 
by experimental results, obtained during tests of installation. 


The installation of ionic excitation in the Nizhnii-Svirsk HEPS may be used as 
an experimental basis for designing new and simpler control systems without gas- 
discharge devices, with simpler methods of the rectifier protection (grid instead of 
cumbersome quick-acting breakers), for trial of the new types of rectifier in different 
service conditions, processes of excitation control and so on. 


Translated by S. Szymanski 
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IGNITRON IVS-200/2* 
T.A. SUETIN 
All-Union Lenin Institute of Electric Technology 


(Received 5 November 1957) 


Sealed rectifiers compare favourably with demountable (pump) rectifiers in their 
electric strength, load capacity, reliability in work, simple construction and 
smaller size. The use of sealed rectifiers instead of demountable ones permits a 
considerable cut in working expenses and capital expenses in converter substa- 
tions. Ignitron IVS-200/2is now widely used in converter design. At present it 
is used to equip converter sets of substations for electric urban traction, for ion 
excitation, electric drive etc. 


In the sealed mercury rectifier laboratory of the All-Union Lenin Institute of 
Electric Technology (V E T ), a few types of ignitron IVS-200/2 were developed 
for mean current 200 A and back-voltage 2500 V. A description is given below 
of a construction, that is distinguished for its good working qualities and is now 
widely used. 


Fig. 1 shows a general view in section of the ignitron IVS-200/2. The body 
of the ignitron is made as a welded cylinder with a water jacket. Anode and grid 
leads of the rectifier are made of glass and metal. Hermetical sealing of lead 
inlets is achieved by welding molybdenum glass with kovar (fernico) alloy. The 
anode lead is of high thermal strength and may work for a long time carrying 
heavy currents. The junction of the rectifier anode is made by using a flexible 
copper conductor fitted with a terminal, which is screwed into the anode rod. The 
flexible conductor allows the removal of the mechanical loads, due to the join- 
ing of the anode cable, from the glass insulator. 


Anode and control grids are made of high quality graphite pressed in closed 
dies. 

Ignitron IVS-200/2 has two igniters and an auxiliary (pick-up) anode. Addi- 
tion in the ignitron of an auxiliary (pick-up) anode not only facilitates striking 
of the main arc, or in certain systems unloading the igniter, but also allows for 
control of the rectified voltage in these ignitrons by a grid, instead of by vary- 
ing the moment of ignition of a cathode spot by the igniter. 


* Elektrichestvo, No. 3, 80-82, 1958. 
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FIG. 1. Cross-section of ignitron IVS-200/2. 


In the case when the auxiliary anode is fed by a sinusoidal voltage in phase 


with the main anode voltage, it is easy to obtain arcing of the auxiliary anode 


during almost the whole half-cycle of positive anode voltage. The moment of 


striking of the arc on the main anode depends in this case only on the moment of 
application to the grid of a positive trigger pulse. Thus, by varying the phase of 


a positive grid pulse we obtain the control of the rectified voltage in the same way 
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as is done in rectifiers with 
a permanent exciting arc (ex- 
citron), 


‘4 


dis 


Jat A steel wafer base with 


igniters and a pick-up anode 
is welded together with a steel 


SF 
=35:10 A/sec 


sleeve of a cathode flange. 
The presence of the steel 
sleeve permits quick replace- 
ment, when necessary, of igni- 
ters in a rectifier without cut- 


FIG. 2. Oscillograms of rectified current Jz, anode 
current J, and p.d. between the anode and the : 
cathode, U,_,, during tests of an ignitron IVS- ting off a whole cathode flange. 
200/2 under rheostat load (mean rectifier current The cathode of the ignitron 

240 A. IVS-200/2 is water-cooled; 


during use, water flows around 
the cathode and the rectifier body. 


To prevent hydrogen diffusion from the water jacket into the cylinder, which 
is inadmissible in sealed (pumpless) rectifiers because of vacuum deterioration, 
water-cooled rectifiers (i.e. the body and the cathode flange) are made from stain- 
less steel or, in cases when low carbon steel is used, they should be enamel- 
led. Both methods were tested under laboratory conditions and during long periods 
of normal service and gave equally good results. 


In the first samples of ignitrons, igniters were made from silicon carbide. 
Experience showed that most of these igniters have a short period of service — 


1500 - 2000 hr. 


At present, in VET ignitrons, igniters are used made from boron carbide. 
Their electric characteristics are: ignition current act more than 12A, ignition 
voltage not more than 350 V. The period of service of the boron carbide igniters 
is estimated as not less than 20,000 hr, as may be assumed from the data obtained 
at present. 


gi =0,9:10°A/sec 


U,, - 760V 


FIG. 3. Oscillograms J,, Iz and U. -c during the 
tests of rectifiers under short-circuit conditions 
{mean rectifier current 240 A). 
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We may point out that all igniters, even after working 15,000-20,000 hr, 
continue to work normally and do not require any alterations (forcing) in ignition 
circuits. 


The period of service of sealed ignitrons is determined in practice by the 
period of service of igniters. Due to the presence of two igniters in ignitrons 
IVS-200/2 it may be safely assumed that the period of service of these ignitrons 
will be not less than five years. Technological processes developed by the VET 
laboratories in production of sealed metallic mercury rectifiers allow a high 
degree of degassing (exhaustion) of details and of the rectifier as a whole; this 
ensures stability of its properties during long storage, after which, as experiments 
have shown, rectifiers may be immediately used for work at the nominal current 
and voltage without preliminary electrical forming at a low voltage. The weight of 
the ignitron is 26 kg. 


To determine electric parameters of ignitrons and to verify that they satisfy 
technical specifications, bench tests were carried out in VET. These tests were 
carried out in a three-phase zero wire network at the nominal phase voltage 760 V 
under two sets of conditions: using a rheostat as a load and in a short-circuit 


(Figs. 2 and 3). 


Nominal anode currents were drawn for a long time and overloads up to 130 
per cent of the nominal current were applied. 


As can be seen from these oscillograms tests under short circuit conditions 
are the hardest ones, since at a high rate of decrease of the anode current (d/,/dt = 
10° A/sec) the anode back voltage jumps nearly up to the maximum value. 


Bench tests were carried out with water-cooled rectifiers; water temperature 
was within the limits of 20 to 35°C. 


On the basis of bench and service tests it has been found that ignitron 
IVS-200/2 has the following electric parameters 


Mean ‘anode-current) “i. 41 2... Ons, cee aed eee 200 A 
Current overload : 

during: 10 minz%.; coe See Sa <a ital MR ie, Satine 265 A 

during: 2 min o2:< 4 -< Sitag 9 ee ee ee 320A 

during 30 Se¢ 7. 2's pre Ries a ne ee ee 450 A 
Maximum back voltapeo= 2. °@ Mik, . suits cee ee eee 2500 V 
Voltage drop in the arc not more than ..............0000. 16 V 
Negative grid*bias>..).5. ca ep es 5 cee ae 150 V 
Grid current (amplitude): 5.0 3.6 2. eis 150mA 
Current ‘of the pick-up anode =. .a72 4). 1-5 eee ee 1.5-2A 
Igniter parameters 

(a) ignition current not more than 12 A 

(b) ignition voltage not more than 350 V 
Cooling forced water cooling 


Temperature of cooling water + 20 — + 35°C 
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Water consumption at A¢ = 8°C 6 1/min. 


During the bench tests ignitrons IVS-200/2 worked smoothly for long periods 
under nominal currents and under all overloads; grid control worked without failure, 
direct breaks and back ignitions did not occur. 


Translated by S. Szymanski 


DISCUSSION. 


N 


“MODIFICATION OF THE HEAVISIDE FORMULA”* ** : 


B. KONORSKI 
Lodz Polytechnic Institute, Poland 


The method and formula (12) given by the author of the article are well known; 
they may be found even in textbooks on operational calculus. The Russian reader 
may find this formula in the book by Gardner & Burns (translated from English 
and published in 195] by Gosizdat. This formula is by no means so universal; it 
deals only with one particular case, when the denominator H(p) has only one 

zero root. 


> 


It is easy to obtain a moregeneral formula assuming 


pH (p) =F] w— p, J”, 


k=O 
where P, = 
n 
Ars 
en yy yee pe 
sey oo Seem 
With these assumptions we get: 
n ™p 
p=1 92) aa Vas Fie mee 2 
H (p) (m, — s)! 
k=0s=1 


in this case 


remne qds—! a G(p) : 
es (s =I! laps p -H(p) 
Ne cseeve ee 
525 na MBps 
B. SAVIUK Kraiova, Rumania 


* Elektrichestvo, No. 3, 86-89, 1958. 
** Cf.O.M. Bogatyrev, Elektrichestvo, No. 2 (1957). 
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The “modification” of the Heaviside formula, proposed by Bagatyrev, has 
for a long time been in textbooks on Electric Technology (for example, I. Fallon, 
Lecons d’electrotechnique, Paris Gauthier-Villars, 865 (1948); I.S. Antoniu, 


 Chestine speciale de electrotehnica, Bucuresti, Fd. Acad. R.P.R. (1956). 


Bogatyrev’s article contains nothing new. 


F. CSAKY 
Budapest, Hungary. 


The article contains a modification of the Heaviside expansion theorem in 
the case when the denominator of the fraction representing a function has multi- 
ple roots. The author uses the following method. The fractional operational equa- 
tion, the solution of which we want to find, is expanded into partial fractions; 
coefficients of these fractions are determined, and from tables we find time solu- 
tions, corresponding to every fraction. 


_ To determine the coefficients the author recommends expression (12) (Cf. 


also (1)). 


In connexion with the article, I would like to say this. The time solution may 
be obtained by means of a single universal expression, avoiding the expansion 
into partial fractions and the use of tables. In different publications (see for 
example [2], we may find the following expression: 


F(t)=L-1 {9(p)} = 


wD grr) ) 
Sar DM ge Pate DOP ys yy. " 


kel ; 


where m is the number of different roots of the denominator of the function 


¢ (p), and nj, the order of the Ath root p,. Function ¢ (p) is a Laplace trans- 
formation of the function F (¢), i.e. 


¢(p)=L{F(t)}= crane dt. 
0 


If all roots of the denominator are unequal (n,=1, k = 1,2... m), then 
expression (1) assumes the form: 


F(t) =L-1{9(p)} pa (P—Pp)9(p)e” ts (2) 
k= 


Let us remark that expression (1) is only slightly more complicated than formula 
(12). Moreover, formula (12) gives only coefficients of partial fractions, but by 
expression (1) we may determine directly the required time function. The last 
property constitutes an advantage from a theoretical point of view, and the use 
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of the expression (1) for solving practical problems does not increase the amount 
of work in comparison with the method based on the expansion theorem. 


The correctness of expression (1) may be easily proved by using a theorem 
on functions of a complex variable: 
(a) by the Riemann-Mellin theorem (3], 


, c+joo 
F<" e(P}= gaz | 80) ePap. a 
c—joo 
(b) by the theorem of residues [3, 4], 
c+Joo m 
np ) e(pyerdp=\) Res {e(p)e?"}- (4) 
c—Joo k=l ‘ 


We assume that the number of poles ¢ (p) to the left of the straight line p-c is 
equal to m (c is a real number); 

(c) If any function w (p) at a point p = p; has a pole of the order n,, then the 
residue of the function (p) may be determined by the relationship: 


il dite) n 
Reet (p)} = li =) ape» (Pa) son} (5) 


Wet o(p) =9(p)e”s 


then, on the basis of (5), (4) and (3), we get expression (1). 


Finally, two further remarks: 
(1) Expression (1) is nothing other than a generalization of the Heaviside expan- 
sion theorem. In fact let 


#(P) = 5H (p) (6) 


and let the equation H (p) = 0 have only m unequal roots p; equal to zero. From 
expression (la) we get: 


(p— pL Ere 
\ Pr) DH (p)° a PH (Py) (4 (7) 


The term corresponding to the zero root of the denominator will be: 
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(8) 


In this case, expression (1) leads to the inverse Heaviside expansion theorem: 


G (0) GBR) 
F(t)= FOy +) sat PH (p,) * (9) 


If the function H (p) has multiple roots[or if p = 0 is also a root of the equation 
H (p) = 0], then on the basis of expression (1) we may also get the expression 
similar to expression (9) (see for instance [1,5, 6]. But in this case the expres- 
sion becomes complicated; therefore it is more convenient to use expression 
(1). 

(2) If instead of the Laplace transformation we use the Carson [7] and Wagner 
[6] transformations: 


Hip) =9 {F() =w (F(t)} =p F (t)e—P*dt, (10) 
0 


then, in using expression (1), we have instead of ¢ (p) to write everywhere 


f (0) 
©) aa . 
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V.M. GRESHNIAKOV and A.A. MODEROV 
Kalinin Polytechnic Institute, Leningrad 


Formula (12), recommended in Bogatyrev’s article is well known and may 
be found in books, for instance in the book Transient processes in linear circuits 
by Gardner and Burns. The derivation of formula (12) given by Bogatyrev corres- 
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ponds to the derivation given by Gardner and Burns. The difference consists in 
that Bogatyrev derives the formula on a simple particular example, whilst Gardner 
and Burns deduce the formula for a general case. 


The latter deduction is made in a rigorous mathematical way and is dis- 
tinguished by its clarity; it takes nearly as much or a little more space than 
Bogatyrev’s deduction. 


Moreover, as Bogatyrev points out himself, formula (12) gives only the last 
coefficient A ee) in the fraction A ay 


P-Ph, 
for the n-fold multiple root. The usefulness of this formula for determination of 
remaining coefficients is connected with an artificial method of notation used by 
the author. 


Indeed, it is quite unusual in mathematical literature to ascribe to the same 
index in the same formula different meanings, as was done by Bogatyrev (index n) 
Thus, in an example given in the Bogatyrev article, he puts in evaluating index 
A,, n =3 in one place of the formula (12) [in expression (p-p;) 7], and in other 
places of the same formula (12) he puts n = 2. 


It is quite natural that the Gardner and Burns formula, which gives any arbit- 
rary coefficient of expansion, contains, instead of a single index n in formula 
(12), two indices: m,, the order of the kth root, and the ordinal index j, taking 
all integral values from unity to m,. 


Thus, formula (12) in Bogatyrev’s article is not new andhas the above 
defects. 


P.A. SAPOZHNIKOV and N.D. SAPERSHTEIN 
Leningrad Military Mechanical Institute 


In dealing with transient processes by operational methods it is necessary 
to solve the problem of transformation of operational solution of the form G (p)/ 
H (p). It is done by expanding the operational solution into partial fractions, 
transforms of which are either known or easily found. Bogatyrev considers the 
expansion of fractional rational expressions of the type Gz (p)/Hm(p) (in the 
case of the Laplace transformation K < m, and in the Carson transformation 
K < m) in the presence of single and multiple poles. Having written, as an example, 
about the expansion of a non-reducible fraction (1), the author of the article makes 
use of a well-known method of consecutive multiplication of both sides of the 
identity 


, 


G(p) __ Ao A A Ay 
= Ao eels atl 2 

H(p) p  (p—pi) (p—p.)  (p—p,)? 

by denominators of the right hand side terms, i.e. cancels out poles 0, Ps 

p2; and, from the identities so obtained, he determines coefficients Ao, Auta As 


In the case of absence in the numerator of the Carson expression of the factor p, 
the author of the article also recommends a well-known method of introducing this 
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factor into the numerator and denominator. But he does not show that expressions 
(4) and (5) for the coefficients A, and A, so obtained may be reduced to a more 
general and more convenient form, namely 


A,= | G0) et G(p) 5: 
H(p) H(p) —H(p1) 
PpP=P P=Pi 


1 a | P= Hi 
ey CUP) | ee Oa) 
H'(p) Poe H’(p1) 
and similarly G(0) 
Ay = HO): 


This makes the expression for Ay and A, more similar to the usual form of the 
Heaviside formula and also allows for the determination of coefficients of 

partial fractions (for single poles, they are residues as well) in the case when 

G (p) and H (p) are not polynomials, but arbitrary functions having no common 
roots. Thence it follows that the transformation of meromorphic forms is possible. 


In the last case it often happens that it is easier to evaluate G (p,)/H(p,) 
than 
G(p1) 


| H(p) | 
P—P1 res 


For example, in transforming the operational solution (by the Laplace method) 


b eet 2 Pp 
G (p) =— sinh 5; H(p)=ch>s, 
(p D 9 (p) =c 9 


it is much easier to evaluate 


oo, Pk 
GEE) ee hee ee 
(pp) a sah Pk 
2 2 


[pk = (2, + 1) wi — single roots cosh p/2]than “merely to cancel out” in the de- 
nominator the factor (p — p;). 
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O.M. BOGATYREV 


Moscow 


Formula (12) is known in different forms in scientific literature, but in text- 
books in our country not much attention has been paid to it. For solution of trans- 
ient processes many various formulae are derived, according to the nature of roots 
and for different applied voltages. These formulae depend upon the kind of trans- 
formation, whether Laplace or Carson. The aim of my article is to suggest the 
use in all cases of the only one and unique universal formula [formula (12)] that , 
is easy to deduce in an elementary way and does not depend upon the type of 
transformation. 


With Konorski’s remark that formula (12) “is not as universal as that” I can- 
not agree. It may seem so if we disregard the fact that the number n in different 
places in formula (12) has different meanings. Thus, in the expression (n-p;)/n in- 
dex n shows that the root p;, is the nth root, i.e. the numbern coincides with the num- 
ber m, in the formula given by Konorski and in Gardner and Burns. In other parts 
of formula (12) n takes all integral values from unity to the number equal to the 
order of the root px; i.e. n coincides with the current index s in the Konorski for- 
mula or with the index j in the Gardner and Burns formula. 


I have seen two editions of the Gardner and Burns book. The formula in 
question is encumbered there by indices. The formula given by Konorski, being 
more general, does not differ in principle from my formula (12), except for the 
expression for A;, in Konorski’s article, where the factor p is inserted in the 
denominator, probably by mistake. 


References given by Saviuk contain nothing new, since the formula in ques- 
tion is not derived there, it is only quoted besides other similar formulae; there 
is no suggestion whatsoever about the universal use of this formula. 


The main point in ¥’. Csaky’s comment is this: its author thinks that expres- 
sion (1) “from the theoretical point of view” has certain advantages and practical- 
ly does not require more labour than the universal method and the formula recom- 
mended in my article. F. Csaky considers that the universal formula gives “only 
coefficients” of partial fractions, whilst formula (1) gives directly the time solu- 
tion. This is correct, but the author ignores the fact that the evaluation of coef- 
ficients constitutes 95 per cent of the whole problem. 


The defects of the formula and of its deduction that are criticized by V.M. 
Greshniakov and A.A. Moderov, in my opinion are advantages. In fact, what could 
be simpler than substituting into the binomial (n-1) (and only into the binomial) 
of formula (12) the values from unity to n, where n is the order of a given root 


pz, and so on for every root. The deduction of the formula is elementary, easy 
to understand and not tiresome. 


The authors write that my notations are artificial. In my opinion they are 
very convenient, since in the formula there are only two indices, & and n, whilst 
in the Gardner and Burns notations there are many indices in double sums. It 
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seems to me that their formula is not widely used just because it looks so cum- 
bersome. 


I derived formula (12) by a generalization of operations shown in one parti- 
cular example. I never wrote that this formula is essentially a new one, but | 
want this formula, that was known in this or another form, to become universal 
and indispensable in the form that is given in my article. 


P.A. Sapozhnikov and N.D. Sapershtein wrongly use the example of evalua- 
tion of meromorphic functions, while the theory applies to fractional rational 
functions (and this point, it follows from their remark, is known to them). 


Translated by S. Szymanski 


SYNTHETIC COMPOUNDS OF HIGH MOLECULAR 
WEIGHT AS DIELECTRICS* 


K.A. ANDRIANOV 


All-Union Lenin Institute of Electric Technology 
(Received 28 November 1957) 


The progress of modern chemistry of compounds of high molecular weight has 
reached such a level that the possibility now exists of considerably improving the 
polymers already known and of producing new ones, not yet obtained, with proper- 
ties specified in advance. To build the chains of polymer molecules, chemists 
now make use not only of carbon and silicon but also of other elements: titanium, 
aluminium etc. All this offers wide opportunities for obtaining many diverse poly- 
mers which differ basically in the structure of their molecules and their technical 
properties. The use of carbon compounds only led to polymers with organic mole- 
cular chains. Such polymers have a rather low thermal stability and can be used 
for a long time at temperatures up to 130°C. 


With the use of silicon in combination with organic groups the possibility 
appeared of building polymers with mineral molecular chains, consisting of atoms 
of silicon and oxygen surrounded by organic groups. 


This development has already resulted in the production of a large group of 
polymers, polyorganosiloxanes, and in the production of electro-insulating materi- 
als with high thermal stability, which can work for a long time at a temperature of 
180°C. The use of other inorganic elements, aluminium, titanium, boron and 
others, greatly increases the prospects of the synthesis of polymers with mineral 
molecular chains, consisting, for example, of: silicon, oxygen and aluminium; 
silicon, oxygen and titanium; silicon, carbon, oxygen and aluminium, etc., which 
are surrounded by organic or silico-organic groups. 


This offers good prospects for obtaining new polymers which are similar in 
their molecular chain structure to silicates but are surrounded by organic or 
silico-organic groups. Such polymers should combine properties of both kinds; 
the high thermal stability proper to silicates, and elasticity, which is a character- 
istic property of the organic part of the molecule. 


Along with the above discussed trends in the synthesis of high polymer sub- 
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stances, during recent years new methods of polymerization have been widely 
developed; these methods make use of new catalysts and they enable us to ob- 
tain polymers of a strictly regular structure with great molecular weight and better 
physical-technical properties than those of the same polymers obtained by the old 
methods, 


Thus, for example, polyethylene obtained by the old methods melts at 125°C, 
but that obtained by new methods at 170°C. The use of mechanical chemical 
methods for production of block- and kraft-polymers on the basis of many very 
varied polymers enables us to change very considerably the properties of the 
existing polymers in a desired way. 


The use of high-energy particles (y - rays and others) for changing polymers 
also enables us to change properties of the known polymers according to our 
requirements. 


Synthetic compounds of high-molecular weight play an important role in elec- 
tric technology, and their use for the insulation of electric machines, apparatus, 
cables and other electrical and radio devices increases each year. This is ex- 
plained by their good electrical and physical-technical properties (particularly 
their thermal stability and resistance to moisture) compared with natural polymeric 
substances. 


Thus their use enables designers to construct machines and apparatus and to 
solve problems the solution of which would be impussible using only natural 
polymers. 


Polymeric hydrocarbons 


Polymeric hydrocarbons proved themselves as good dielectrics, particularly in 
the production of high-frequency cables and various types of radio apparatus. 


_ Nevertheless, these polymers which were produced by ordinary methods of 
polymerization had a low melting point. In consequence, the region of their appli- 
cation, in spite of good electric properties, was limited to temperatures up to 85°C. 


Recently new catalysts for polymerization have been obtained, the use of 
which leads to the production of polymeric hydrocarbons and other polymers with 
a strictly regular structure; they are now known as “isotactic polymers”. 


Isotactic polymers possess a regular molecular chain structure; this is due to 
regular alternation of the carbon atoms with the same space configuration in the 
main chain. These polymers are characterized by their high melting point and high 
mechanical strength in the aligned direction in comparison with polymers, produced 
by the polymerization of monomers by the widely used radical mechanism of poly- 
merization. 


Isotactic polymers are produced by the polymerization of monomers in the 
presence of special catalysts: triethyl aluminium and titanium tetrachloride. The 
mechanism of polymerization is ionic in nature and, in comparison with the radical 
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one, which is characterized by the branching of molecular chains and the forma- 
tion of amorphous products, leads to the formation of polymers with strictly 
regular molecular structure and a high degree of crystallinity. At present the 
isotactic polyethylene, polypropylene, polybutene, polystyrene and other polymers 
are synthesized. They are all polymeric hydrocarbons and at ordinary temperature 
are solid crystalline substances, with small dielectric losses for various frequen- 
cies of an electric field. 


As opposed to the polymers of the same class, but produced by the ordinary 


methods, they have a higher melting point and are not soluble in the majority of 


solvents (Cf. Table 1). 


TABLE 1 The properties of iso- 
tactic polymers permit a 


Temperature of the trans- very great extension of 
ition of the first kind 


(softening point) CC) 


Polymer Dens the wee ot polymeric 
(g/cm ) . 
hydrocarbons for electric 


insulation. Due to the 


Polyethylene: 
isotactic ...... 170...175 increase of temperature 
ordinary ........ 110...125 0.92 of their melting point 

Polypropylene: they can be used in the 
isotactic ondoac 158'....-170 0.92 form of plastic masses, 
ordinary ........ a5 0.85 bie sheath d 

Palvetyrene as cable sheaths and as 
#5 tactic meee 1.08 fibres for working temper- 
ordinary ........ sige i tures of 105°C and more. 


The regular structure of the isotactic polymer hydrocarbons ensures a high 
degree of crystallinity and makes them suitable for preparing fibres [2]. The pro- 
perties of the fibres of the isotactic polymers are shown in Table 2. 


4 TABLE 2 


Limiting teasile 
strength 
(kg/mm ) 


Work of 


breaking 
(g/denier) 


Specific 
strength 
(g/denier) 


Total elonga- 
tion at 
breaking (%) 


Density 
(g/cm?) 


Polymer 


Isotactic poly- 
propylene.. 
INylonieasceswees 


Fibres made of such substances as polypropylene or polystyrene do not absorb 
moisture at all. They posses high electric resistivity greatly exceeding that of 
other fibres. These fibres have a wide range of application in the insulation of 
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magnetic wires and in the production of different electric insulating materials. 
The disadvantage of these fibres is their low melting temperature, which prevents 
their use in insulation above class A. 


Table 3 shows the electric properties of the pure polymeric hydrocarbons, 
which were recorded at a temperature of 20 + 2°C. Electric strength is shown for 
a specimen 1.5 mm thick. 


TABLE 3 
Polymer Py (QD cm) |tan 5 x10 E ser € 
v. (kV/mm) 

Polyethylene: | 

isotactic...... OEE ROLE Bias. | PANS 5 Ps PID ee: 

ordinary, ... . 3% NOM elO1S ||) 2b 242 26 De Deer as 
Polypropylene: 

isotactic...... Be 5 ca ec tsh i eh | OUillis CB ees) 
Polystyrene: 

isotactic...... RO sec MOR OO Lay | PAD en 2 eeeEe OO 

block we oie met hey: NOM ere Of ee alae 20 5 

Polytetrafluoroethylene 


Among the heat resistant polymers polytetrafluoroethylene is of the greatest 
interest. It has a regular linear structure of molecules, which ensures its crystal- 
line structure, and possesses a high thermal stability and softening temperature 


(about 400°C) [12]. 


Polytetrafluoroethylene is a non-polar polymer; its permittivity within the 
frequency range 50- 10° c/s, is equal to 2.0-2.2; its tangent of the loss angle, 
equal to 2 x 10°, does not depend upon the field frequency up to 10° c/s and 
varies little with temperature within wide limits. It possesses a high resistivity 
(up to 10” © cm) and its electric properties vary little with temperature and under 
the influence of moisture. 


It is necessary to point out that the electric strength of polytetrafluoroethy- 
lene greatly depends on the time of the voltage application. For short periods of 
application for specimens 1.5 mm thick it is 15-20 kV/mm, for long periods it 
decreases to 6-8 kV/mm. Difficult working and ability to creep at low tempera- 
ture limit its use. 


Nevertheless, the high thermal stability of the polymer, which permits its use 
at temperatures of 250°C and even 280°C, together with its small dielectric losses 
and high electric resistance, permit its use in the production of high frequency 
cables, where its tendency to creep at low temperature and its lower electric 
strength under a long-lasting applied voltage are of no serious importance. 
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Polyester resins 


Polyesters as dielectrics are of great interest; they are known under the 
name “unsaturated polyester resins” [3-6]. They are produced in the form of 
liquids, which are solutions of linear unsaturated polyesters in unsaturated com- 
pounds stabilized by inhibitors. Such liquid products, when heated in the pres- 
ence of initiators of the peroxide type, become solid infusible polymers, which 
possess valuable properties. Polyesters are obtained from diatomic alcohols, 
glycols and unsaturated dibasic acids, for example, maleic acid. 


In order to decrease the polyreactivity of a polyester and to increase its 
elasticity, the mean distance between double bonds is increased by replacing a 
part of the unsaturated acid by an equivalent quantity of a saturated dibasic 
acid: phthalic, adipic, sebacic and others. 


Unsaturated polyesters are also modified by monobasic acids and oils (castor 
oil and others) to obtain less viscous polymers. Such polyesters are usually dis- 
solved in unsaturated compounds, especially in styrene, which acts as a solvent 
and reacts with the unsaturated ester, thus producing a three-dimensional infus- 
ible polymer. This is due to the linking of unsaturated linear ester molecules by 
styrene. Quinones and amines are used as inhibitors. Peroxides are used as 
accelerators for solidification. 


Industry produces various polyesters, among which KGMS-1 and KGMS-2 are 
used as dielectrics. Table 4 gives the properties of liquid and solid polyester 
resins according to the data supplied by the VEI. From the data given in Table 4, 
it is seen that polymers possess high electric strength and high volume resistivity; 
the insignificant variation in dielectric characteristics of specimens, after they 
have remained in a humid atmosphere, proves their rather high moisture stability. 
This is confirmed by tests of specimens which are kept in an atmosphere with a 
relative humidity of 98 per cent at temperatures 20°C + 40°C [Fig.1]. 


The introduction into polymers of fillers decreases shrinking, the coefficient 
of thermal expansion of the sealing compound and the exothermal heat of the 


reaction of copolymerization. Therefore, the possibility of cracking decreases and - 


the thermal conductivity of compounds increases. 


Table 5 shows dielectric characteristics of polymers with fillers. In electric 
insulation a polyester made from terephthalic acid and ethylene glycol plays an 
important role; it is known under the names of lavsan, mylar and Terylene. This 
polymer, obtained in INEOS of the U.S.S.R. Academy of Sciences, has a compara- 
tively straight linear chain; it crystallizes and forms strong fibres and mechanical- 
ly strong films. The melting point of lavsan is 220-240°C and breaking stress 
400-500 kg/cm’. The aligned fibres and films have a greatly increased strength, 
and breaking stress lies within the limits 350-4500 kg/cm?. Electric properties 
of lavsan are high; for example, the tangent of the loss angle for lavsan films at 
a frequency of the electric field 50 c/s and temperature 20°C is 0.005-0.01 and 
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varies little up to 100°C in a humid atmos- 
phere. Its volume resistivity is 10*4-10'* 
cm. Its permittivity is 3-4. Lavsan is 
easily made into fibres, films, laminae etc. 
Lavsan fibres are of great interest since 
they can be successfully used for the in- 
sulation of conductors, and lavsan films, 
owing to their great mechanical and elec- 
trical strength (100 kV/mm for films 0.11 mm 
thick), can be widely used for insulation of 
slots in electric machines instead of lac- 
quered fabrics, micanite etc. This results 
in a much better filling of the slot by copper. 


“96 THY: 190. YO os) Polverter ue made from SUE 
acid and a mixture of alcohols, glycerine and 
FIG.1. Curves of tan 6 (curve 1) 
and py (curve 2) as functions of glycol, have a branched molecular structure. 
the time of wetting. Therefore they cannot crystallize and dis- 
solve in solvents with the formation of lac- 
quers. Such lacquers form mechanically strong films, and, by coating copper con- 
ductors with these lacquers, we get enamelled conductors of greater mechanical 


strength than that of vinyflex enamelled conductors. 


TABLE 4. Properties of solid polymers 


Characteristics KGMS-2 
tan 6 x 10* at frequency 50 c/s .190 
[ey AN Fc loldeourecmana-c.G.0 Gic 4.0 
In the initial Volume resistivity (Q cm) 
state Aten? (PCr each. Modeee . -1,5-108 
atlO0- Cie at aeate aaah. . 58°10? 
Electric strength (kV/mm)... . Rew the | 
After remaining | tan 6 x 10‘ at frequency 50 c/s .. 290 
48 hr in an Volume resistivity at 20°C... £207.71 08 
atmosphere Electric strength (kV/mm) ... 25.4 6662765 
of tropical hu- | Frost resistance.......... - 60°C 
midity at+ 50°C} Shrinkage at solidification (%). 9.5 


N.B. All properties are shown after heating the specimen for 6 hr at 120°C; thickness of 
the specimen 0.9 + 0.] mm. 


[A polyester 124 and a lacquer, modified by the addition of substances bind- 
ing linear molecules, have been produced in the VEI; this lacquer is used for the 
production of mechanically strong enamelled conductors which are stable in sol- 
vents, and which can work for a long time at a temperature of 130°C in machines 
with Class B insulation. 
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TABLE 5 


In the initial state After remaining 48 hr in 
an atmosphere with rela- 


tive humidity 97 + 2 
per cent 
tan 5 x 10°| py (em) Eg 47 (kV/mm) 
; 


2.8-10* 


Composition 
of the seal- 
ing compound 


KGMS-2 ... 
Quartz sand. 
KGMS-] ... 
Quartz sand. 


KGMS-2 ... 


379 
1.0-10° 
3.010"? 


Titanium 
dioxide... 


In electric technology, moreover, polyester resins are used as impregnating 


and casting compositions for the production of textolite. The high impregnating 
capacity of polyester resins ensures good impregnation of products: on heating a 
uniform insulation is formed. The use of these resins enables us to avoid the 
difficulties connected with the porosity of an insulation obtained by impregnation 
with ordinary lacquers [10]. Articles joined by polyester compounds are distin- 
guished by their good cementation, high electrical and mechanical properties, 

high vibration stability, frost resistance, increased moisture resistance and opera- 
tional reliability. 


Hermetic sealing of electrical apparatus by filling with polyester resins gives 
protection from vibration, mechanical damage and atmospheric influence [7]. 


Epoxide resins 


Epoxide resins are obtained by the reaction of different diphenyls with 
epichlorohydrin and usually have a softening temperature of 40-120°C. By treat- 
ment with amines they solidify at room temperature and become infusible and 
insoluble. Anhydrides of phthalic, maleic and other acids cause the epoxide resins 
to solidify when heated up to temperatures of 120°C and higher. In industry, the 
epoxide resins made from diphenylpropane are used; they are issued under trade 


marks £-40, E-37, ED-6. 


At temperatures 90- 100°C epoxide resins become liquid and at these tempera- 
tures they can remain unchanged during a rather considerable time [9]. They show 


good adhesion to metals and non-metallic materials. Electric properties of epoxide 
resins are high: 


Py = 10** - 10’? Oem; tan § = 0.006-0.01; ¢ =3.7-4.2; FE str = 20-24 kV/cm for a 
specimen 1.2 mm thick. 
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In the electrical industry the epoxide resins are mainly used as glues in 
laminated insulation and as a cast insulation. For filling up current transformers, 


- epoxide-polyester compound E-37 has been developed and is in use; for protec- 


tion of semiconductor apparatus, epoxide-polyester compounds K -168 and K - 239 
are used. Compound E-37 consists of epoxide resin E-37 with addition of a poly- 
ester as a plasticizer component. Quartz powder serves as a filler. Phthalic 
anhydride with a small addition of maleic anhydride is used as a solidifying agent. 


After the introduction of the anhydrides of acids into an epoxide resin, heated 
up to 80-100°C, the mixture at first becomes more liquid; after further heating it 
becomes more viscous, and gradually a solid infusible polymer is formed. The 
electric properties of Compound E-37 (20 per cent polyester) are given in Table 6. 


Compound E-37 with a filler is used as a sealing insulation of current trans- 
formers for voltages up to 10 kV. 
Fig.2 shows the de- 


pendence of the tangent 
of the loss angle of a 


TABLE 6 


Electric 
strength sealing insulation on 


(kV/mm) voltage, and Fig.3 the 
dependence of insula- 


Tangent of 
the loss 
angle 


Volume 
resistivity 
(2 cm) 


Conditions of test 


NEST SER uneNee rte 
NLT Nek ORIN ever ae cog 
After remaining 48 hr 

ina humid atmosphere 


tion resistance on tem- 
perature. 


Fig.4 shows the elec- 
tric strength as a function of the thickness of the specimen of the compound EF - 37. 


Tan 6 somewhat increases with temperature, but within the range of tempera- 
tures 20 + 80°C it remains within the range 0.02-0.08. Under the continuous 
influence of a temperature of 120°C, the 
impact strength of the cast insulation pre- 
serves its initial value and even slightly 
increases, from 5 to 7 kg/cm/cm?. The 
compound is easily cast in moulds and 
easily machined. 


Current transformers filled with the 
fused cast epoxide-polyester compound 
E-37 with a filler (quartz powder) were 
FIG.2. Tan 6 as a function of’ voltage tested under short-circuit conditions. 
for an epoxide-polyester compound. These tests showed that they can with- 
stand an electro-dynamic load at short- 


circuit for a current 500 times above the nominal current, and a thermal load of 

1 sec for a current 100 times greater than the rated one. Examination of the seal- 
ing insulation of transformers after the short-circuit tests shows a good stability 
of all characteristics and the absence of any deformations. 
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Epoxide-polyester compounds K-168 
and K-293, which are used for hermetic 
sealing of apparatus, consist of epox- 
ide resin E-37 or ED-6, plasticized by 
the polyester MGF-9, Compound K-293 
contains moreover a filler (quartz 
powder) and a plasticizer (dybuty] 
phthalate). As solidifying agents for 
these compounds hexamethylene- 


diamine or polyethylenepolyamine are 


used. 
FIG.3. Volume resistivity of an epoxide- 
polyester compound as a function of Compounds K-168 and K-293 may be 
temperature. used as sealing cold solidifying com- 


pounds. They possess the following 
characteristics: p,, = 10'?-10'? cm at 20°C, and 10*?-10? 2 cm after reamining 24 
hr at + 40°C in a medium of the relative humidity 95 + 3 per cent; for a frequency 
10° c/s at 20°C and also after remaining 24 hr at + 10°C in a medium of the relative 
humidity 95 + 3 per cent, their tan 5 < 0.1 and their resistance to frost is - 60°C. 


Polymers based on acrylic and metacrylic esters 


Compounds MBK-2 and MBK-3 were developed and are produced on the indus- 
trial scale by the All-Union Instrument Scientific Research Institute, Ministry of 
the Electric Technology Industry; they are based on acrylic and metacrylic esters; 
they differ from one another in their degree of elasticity, which depends upon the 
content of plasticizers. 


Compounds MBK are used in the 


(kV/mm) 


electrical industry, particularly for 
insulation in electric motors immersed 
in water, and also in the radio indus- 
try. These compounds are liquids, 
which polymerize and become solid at | 
temperatures of 100-110°C. By in- 
troducing appropriate initiators of 
polymerization, the MBK compound 

can be made to solidify even at 20°C. 


The principal properties of Com- 

FIG’4, Electric strength of an epoxide pounds MBK, after their polymeriza- 

compound as a function of its thickness: tion at 70-75°C for 8 hr and after sub- 

(1)9= 2PC; (2)0= 10PC (puncture in sequent heating at 100-105°C for 8 hr, 
the transformer oil). are shown in Table 8. The high 


water-resistance of the compounds 
MBK permitted their use for the protection of windings of the electric motors 
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immersed in water, which are used for driving water pumps. The windings of these 
motors successfully withstand a test under hydraulic pressure of 3 atm for 6 hr and 
the short-circuit conditions in a wet state at - 25°C. After intermittent work in 


water over more than 1500 hr the insulation resistance of these motors remains at 


the level of 500 MQ. 


TABLE 7 
Epoxide poly- 
: Epoxide | ester com 
Characteristics Epoxide polyester! pound with a 
resin compound iller ete? 
powder) 
Tangent of the loss 
angie multiplied 
by 10 
E20 Cte ee ssa 10... 20; 20...40/] 100... 300 
at SOy Ge ir. weer eee. 300... 500 |400.. .800} 600... 800 
after remaining 
in water 
AGulire teers tees Cues 4 10...30 | 40...50 — 
Volume resistivity, 
(42 cm) 
ated Ou GMeete. asehsue ae 1015 1015 1014... 1015 
at COLG.. was erate. hek 1011 1011 1011 
after remaining 
in water 
(ODL pele cea Ate ar 101+ 101+ = 
Electric strength 
(Vin) oye seed sie 25 sp SONZ 95 00 20h. OU) 
Permittivityeeus <4 @ « Fe awd = 5.055 26.0 
Impact strength 
(kg cm/em*’)...... 40...6.5 76.0... 8.0) - 4.0... 6.0 
Temporary compression 
strength (kg/cm’) .. 900 900 
Temporary bending 
strength (kg/cm) . . |750... 1 000/600. ..750) 800... 900 


Temporary tensile 
strength (kg/cm?) .. — 
Thermal stability accord- 
ing to Marten’s 
methods(G)) Mair 60. . 


The apparatus coils, which remained for 20 days under conditions of tropical 
humidity with a periodical dew-fall, show an insulation resistance above 100 MQ. 
It has been found that the use of the MBK compounds, which eliminate all cavities 
in windings, brings about a considerable decrease in overheating of the apparatus 
coils. 


Polyurethane resins 


Polyurethane resins recently have found wide practical application in different 
branches of technology, particularly as adhesive substances. For the manufacture 
of electric insulation polyurethanes are of great interest; they are compounds of 
high molecular weight and are based on polyesters and diazocynate. These 
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TABLE 8 


Type of compound 


Characteristics 
MBK-1 MBK -2 MBK -3 


Specific gravity ......+e+e-eeeees 1,06 1,04 
Breaking tensile strength (kg/cm’)... 85...130 - 
Elongation at fracture (%).......+-- 200...250 - 
Moisture absorption during 24 hr (%) . . | 0.07...0.08 0.07...0.08° 0.06...0.08 
Moisture absorption during 20 days (%) |0.16...0.17 0.15...0.19 0.10...0.11 
Volume resistivity (Q) cm) 

at 20° Cowes og eer ae ee 104 LO? 5.10 10™* 210 

BE LOO Creackee tc tsraaa tee eee LOPE On 10*° LOR, Oe 

after remaining in water for 10 

GAYS), one vanes wa ee en ae ae bomen i eee 104.7104 
Tangent of the loss angle at 50 c/s 

Bb) PDO? Coins Gc oroks wortes te rorenoieierteds 0.06...0.062 | 0.036...0.042} 0.002...0.009 

at nl OOe Grams - Paar stent aloe! eo Ccear orcs 0.005 0.010...0.017 

after remaining in water for 10 

(ENE Gime cotton otaaouat 0,07..-0.08 0.007...0.010 

for frequency 10° - 10’ c/s 

ER DOING) sa .ond dyn 6 e600 chow Oc 0.01 -- 
Permittivity at 50 c/s 

mail}: Onsenaac eivenata ob OLOm nose © DRO mereael 4.0...4.7 

AL UlO Oe Gra sh rehamenal cece ae mekrexees te Al. s43 SOGire eee 

after remaining in water for 10 

CLEAN eps Ges, Caekean Durmcmnicta Ord BuGiae sone 4.1...4.9 
Electric strength (for a specimen about 

jl sein WE) UN ed) o oe od a oaF 20a o Gm 


polymers can be obtained in the form of films, resistant to the action of solvents, 
of rubberlike materials, porous materials etc. 


They are of great interest in the production of conductors with an enamel in- 
sulation. The high adhesive capacity of polyesteruretanes to copper, good stability 
in the presence of solvents and comparatively high mechanical strength of the lac- 
quer film ensure the good qualities of enamelled conductors. 


Enamelled conductors with polyesteruretane insulation are similar in their pro- 
perties to conductors insulated by polyvinylacetate resins of the type vinyflex or 
formex, and they can be used for windings of electric machines and apparatus for a 
continuous working temperature of up to 120°C. 


Silico-organic polymers 


Silico-organic polymers — polyorganosiloxanes as opposed to high molecular 
weight substances discussed above — are compounds in which molecular chains 
are built not from carbon atoms, but from silicon and oxygen surrounded by organic 
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groups. Such a structure of molecules determines a series of properties which 
differs from those of the organic polymers already discussed. 


In the first place, the non-organic framework of the molecules gives rise to 
their high thermal stability, photo-stability, and resistance to atmospheric in- 
fluences. The ratio of organic groups to silicon atoms in polyorganosiloxane 
resins exerts a great influence on the properties of polymers. In polyorgano- 
siloxane resins the ratio of organic groups to silicon atoms is smaller than in 
polyorganosiloxane rubbers. This enables us to obtain thermo-setting resins 
forming lacquer films, which have a considerable number of cross-links between 
the basic chains of molecules. In consequence these films, as a rule, possess 
rather low thermoplasticity at high temperatures. 


Polyorganosiloxane resins are copolymers, containing alkyl and aryl groups on 
silicon atoms. By varying the relative proportion of these groups and also the 
ratio between all organic groups to silicon atoms it is possible to obtain polymers 
with different degrees of elasticity, starting with an elasticity typical of a rubber, 
up to a brittleness approaching that of glass. Polyorganosiloxane resins are 
easily dissolved in ordinary solvents and mix together; in this way we may also 
give them the properties that we want. 


Industry produces various polyorganosiloxane resins and lacquers based on 
them and also polydimethylsiloxane rubber. All types of materials for working 
temperatures of 180°C (Class CB) are produced by electrical insulation factories 
on the basis of polyorganosiloxane resins; these materials are used for insulation 
of electric machines and transformers [1]]. 


Among new polyorganosiloxanes it is necessary to mention types K-55 and 
K-43, which are already used in practice. Some properties of polymers are shown 
below; they were recorded in the All-Union Institute of Electric Technology. 
Fig.5 shows the electric strength and volume resistivity of polymer films as func- 
tions of temperature within 
a range of 20-350°C; Fig.6 
shows some characteristics 
of pigmented films of a poly- 
mer. Non-pigmented films 
have a volume resistivity 
more than 10!? Q cm and 
electric strength about 


40 kV/mm at 350°C. 


Data related to thermal 
ageing of films of polymers 
(K-55 and K-43) in a pure 
state and pigmented bi- 


FIG.5. Electric strength E,,, (curve 1) and 
volume resistivity p, (curve 2) for films of the 
polyphenyldimethylsiloxane polymer K-55, as 

functions of temperature. metal oxides (PKE-14 and 
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FIG.6. py (curve 1) and tan 6 (curve 2) 
of films of the polyphenyldimethyl- 
siloxane with a mineral pigment (enamel 
PKE-19), as functions of temperature. 


PKE-19) are shown in Table 9. 
Films were heated to a fixed tem- 
perature, and their cracking after 
ageing was observed. The varia- 
tion in the electric strength of films 
on a copper underlayer after ageing 
at temperatures 250°C and 300°C is 
shown in Table 10. 


By using the polyphenylmethyl- 
siloxane resin as a bonding sub- 
stance we obtain heat-resistant plas- 
tic substances. Table 1] shows 
certain properties of plastic sub- 
stances with an asbestos filler and a 


glass-cloth filler. Curves of tan 5, Ess, and p, as functions of temperatures are 
shown in Fig.7. Dependence of electrical properties of the polyphenylmethyl- 
siloxane resin with an asbestos filler on temperature is shown in Fig.8; Fig.9 


shows the electrical proper- 
ties of a polymethylsiloxane 
rubber, deposited on a glass- 
cloth. 


Among heat-resistant 
materials which can be used 
as electrical insulators, it 


FIG.7. Egstp (curve 1), py (curve 2) and tan 6 (curve blockcopolymer, which is 
3) as functions of temperature for polyphenyl- obtained from polydimethyl- 
dimethylsiloxane on a glass cloth (glasslactocloth giloxane elastomer and poly- 


LSK-7). 


tetrafluorethylene. Fig.10 
shows the mechanical pro- 
perties of a resin based on 
a blockcopolymer, contain- 
ing 70 per cent of a metal 
oxide as a filler, as func- 
‘tions of temperature; Fig.11] 
shows the variation of its 
mechanical properties dur- 
ing the process of ageing; 
tan 6 and p, as functions of 


FIG.8. Es, (curve 1) and p, (curve 2) as func- temperature are shown in 


tions of temperature’ for polyphenylmethyl- Pig.:32, 
siloxane with an asbestos filler (plastic material 


K-41-5). 


As can be seen from 
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these data, polyorganosilaxone polymers and blockcopolymers of a polydimethyl- 


siloxane rubber with polytetrafluorethylene possess high electrical properties 


even at temperatures 250-300°C and a considerable thermal stability at high tem- 
peratures. These properties permit their use in conjunction with asbestos, glass, 


mica and other inorganic substances for the production of insulation which can 
work for a short time at temperatures above 200°C. 


TABLE 9 


Time (hr) after which cracks 
appear on films for tempera- 
ture of heating shown (C) 


Type of the polymer | Underlayer 


TABLE 10 
| Time (hr) 
o | 20 | 500 | fof el 660 


Temperature (°C) 


250 | 300 | 300 


FIG.9. Eszp-(curve 1), py (curve 2) and tan 6 
(curve 3), as functions of temperature of resinglass- 


cleth RSLT. 
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Conclusion 


Synthetic polymers discussed in this article cannot satisfy all requirements 
of modern electrical technology. It is necessary to work on the synthesis of new 
polymers possessing high mechanical strength, good electrica! properties and — 
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20 
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ee 
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F1G.10. Mechanical properties of a 
thermostable _— polymethylpolytetra- 


fluorethylene blockcopolymer with 

zine oxide filler as functions of tem- 

perature (1) tensile strengtho; (2) 

of relative elongation /; (3) of total 
elongation Al, 


(kg/cm?) 
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FIG.12. p, (curve 1) and tan 6 (curve 
2) as functions of temperature. 


0 mo MET es dagen 


FIG.11. Tensile strength o (curve 1) and 
relative elongation / (curve 2) as functions of 
the time of heating at 350°C. 


moisture resistance; this 
should be done by pursuing 
investigations in order to ob- 
tain new organic polymers, 
and also polymers containing 
non-organic elements in mole- 
cular chains. Non-organic 
molecular chains of polymers 
will make them more similar 
in their properties to non- 
organic substances, and sur- 
rounding groups, containing 
carbon, will make them simi- 
lar to organic polymers. 


It is important to work on 
the development of such poly- 
mers, which will decrease the 
big difference in quality which 
exists between organic and 
inorganic polymers in such im- 
portant properties as thermal 
stability, elasticity and mech- 
anical properties. Organic 
polymers, with their exception- 
ally valuable elastic proper- 
ties and mechanical strength, 
do not possess the desired 
thermal stability; inorganic 
polymers lack elastic proper- 
ties. 


One of the most important 
problems which research work- 
ers should solve as soon as 
possible is the synthesis of 
available polymers, which 
will possess both a set of 
properties indispensable for 
dielectrics and such a thermal 
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stability as would exclude the necessity of limiting the operation of a machine or 
apparatus by temperatures of Class A, B and even (in many cases) CB. 


Such a solution of the problems of insulation would not only facilitate the 


work of designers, but would also permit the construction of improved and opera- 
tionally reliable machines, apparatus and other electrical devices. 


DR wo 


12. 


Translated by S. Szymanski 
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APPARATUS FOR LOW-VOLTAGE DISTRIBUTION GEAR* 
P.V. SAKHAROV 
All-Union Correspondence Institute of Power Engineering 


Uninterrupted and rapid growth of the Russian national economy and steadily increasing 
production and service requirements pose new problems to our apparatus-making in- 
dustry; better apparatus for low-tension distribution gear is needed and production 
should be sharply increased.. 


During recent years considerable progress has been made in the design and pro- 
duction of this type of apparatus. 


In this article, the present situation and the technical level of the design of the 
basic series of industrial apparatus for low-tension distribution installations made 
by industry in the Soviet Union are discussed, and comparison is made with the best 
foreign apparatus. Problems and tendencies in the further development of the design 
of this apparatus are also discussed with reference to catching up with capitalist 
countries and overtaking them in the field of production of electrical apparatus. 


Basic trends in the development of design 


Besides general modern requirements, such as decrease of weight and of dimen- 
sions, unification and normalization of details, the use of high protective technologic- 
al methods and the lowering of cost, basic tendencies in development in the design 
of distribution installations in the U.S.S.R. and in foreign countries as well are: 

(a) increase of the limit switching capacity in connexion with the increased in- 
stalled power of electric gear; 

(b) development of design of separate apparatus with a view to fitting them into 
complete sets and to quick exchange of the apparatus for inspection and repair; i.e. 
providing the apparatus with contact connectors and devices, which allow the 
apparatus to be withdrawn from complete sets; 

(c) development and increase of production of the complete low-voltage distri- 
bution sets, the major part of all apparatus being produced in the assembled form; 

(d) development and manufacture of series additional to the basic series of 
apparatus, for example in order to increase the range of nominal permissible currents; 
production of dust- and water-proof apparatus and others; all this should be done in 
order to satisfy fully the needs of the different branches of the national economy. 


* Elektrichestvo, No. 4, 10—15, 1958, 
199 


128 Apparatus for low-voltage distribution gear 


It is also necessary to mention the tendency in many installations to replace 
knife switches and protectors by automatic breakers. Such a replacement is desirable 
in important switchgear, where a rapid restoration of feeding or automatic breaking 
under abnormal conditions (and not only at over-currents) is necessary, or where re- 
mote control is to be used. Moreover, the dimensions of automatic breakers are 
smaller than those of knife-switches with fuses. 


For protection of networks with very large short-circuit currents, fuses are much 
simpler and more reliable than automatic circuit-breakers. Moreover, the limit break- 
ing-capacity of widely used automatic circuit breakers is considerably smaller than 
the capacity of breakers with a fusible link and filling for the same rated current. 
Because of this, in the U.S.A. during recent years automatic breakers with H.R.C. 
fuses have been widely used. They ensure a reliable protection of networks, by 
automatic devices, from overloads, and by fuses from short-circuits. 


Automatic circuit-breakers for switchgear 


Our national industry produces two series of automatic circuit-breakers for 
switchgear in, general industrial use: 


(a) automatic breakers, Series A 3100, for currents 15-600 A and voltages up 
to 500 V a.c. or 220 V d.c. with a limit breaking-capacity up to 50 kA a.c. (shock 
current), or up to 25 kA d.c.; 


(b) automatic breakers, AP 25, for currents 1-25 A and voltages up to 3.80 V 


a.c. or 220 V d.c. with limit breaking capacity 3 kA a.c. (shock current) and 2 kA 
d.c. 


These automatic devices up to this time were not inferior, so far as their basic 
technical characteristics are concerned, and particularly in their limit breaking- 
capacity, to the best foreign constructions. Nevertheless, we have to add that simi- 
lar apparatus of foreign make is manufactured in a greater variety of models. For in- 
stance the Westinghouse Co. (U.S.A.) makes switchgear automatic breakers, Series 
AB, for rated currents 400 and 800 A — double-pole and four-pole ones with an elec- 
trodrive, voltage-reducing relays, distance tripping, block contacts, plug-contacts, 
and types filled with oil, dust-proof and*water-proof, and others. Moreover, in 1956 
the I.T.E. Co. (U.S.A.) designed an attachment for switchgear automatic apparatus, 
containing a fusible link (protector), with a spring mechanism. If the fusible link 
melts in any of the poles, the trigger is released. This attachment, owing to the 
current limiting action of fusible links, ensures protection by the automatic breakers 
of networks in which the short-circuit currents may reach the value of 80 kA (effec- 
tive value of a symmetrical component), i.e. for a shock current up to 160-190 kA. 


Establishments of the electrical industry in the U.S.S.R. are working on the im- 
provement and development of new automatic devices for switchgear. The Khar’khov 
Electro-mechanical Factory (KhEMZ) has designed new automatic apparatus, Series 
A 3100, with distance triggers, with block and plug contacts and so on. The Kursk 
Electrical Apparatus Factory (KEAZ) is now preparing the production of a small 
single -pole automatic breaker type A015 for current up to 15 A for industrial in- 
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stallations and big buildings; this model was designed by the Science and Research 
Institute of the Electrical Industry (Fig. 1). 


FIG. 1. Automatic single-pole circuit-breaker for currents up to 
15 A, Type AO 15. 


It is necessary to continue the work in order to increase the breaking-capacity 
and to develop several additional types of automatic apparatus of Series A 3100. 
Moreover, it is necessary to develop a smal] automatic apparatus for currents up to 
15 A of a simple construction and to organize its mass production in order to replace 
the screw fuses in communal and other networks. 


Universal automatic circuit breakers 


The universal automatic circuit-breakers Series A- 2000 for currents 200-1500 A, 
which were made until recently, are considerably inferior in their basic performance 
characteristics to the leading foreign constructions and do not satisfy altogether.the 
increased modern requirements for electric supply. 


Ul’ianov Apparatus Factory redesigned the construction of automatic apparatus 
Series A- 2000, and started series production of universal-selective automatic 
breakers Series A 15, A20 and A 25 for currents 100-1800 A and voltages up to 380 V 
a.c., 50 c/s with a limit breaking capacity up to 50 kA (shock current) and for vol- 
tages up to 440 V d.c., up to 30 kA. Nevertheless, we have to add that this series 
does not yet satisfy all modern requirements, in particular as regards limit breaking 
capacity and variety of types, and is inferior to leading foreign constructions. 


Among foreign automatic apparatus, the Series AK-1 of the General Electric Co. 
(U.S.A.) deserves the greatest attention. Apparatus of this series is made for nominal 
currents of 600, 1600, 3000 and 4000 A, 250 V d.c. and for 600 V a.c., 60 c/s. This 
equipment has a limit breaking capacity of 25, 50, 75 and 100 kA respectively (effec-, 
tive value with a constant component included), or approximately 40, 80, 120 and 
160 kA (shock current). 
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Greater compactness, in comparison with other similar constructions, has been 
achieved by using in every pole a few parallel connected contacts, separated by par- 
titions of the arc extinction chamber. In this case, the high limit breaking-capacity 
of the apparatus was achieved by establishing a current loop by fixed spring con- 
tacts; this current loop produces a compensating effect for electrodynamic forces, 
which rejects the contacts in the case of large short-circuit currents. The apparatus 
is provided with a spring drive, which is wound by a small electric motor, selective 
tripping devices for maximum current with various time lags and is capable of instan- 
taneous action. 


Fig. 2 shows the protective characteristics of the three automatic breakers of 
this series. This automatic apparatus may be fitted into the complete gear, and the 
automatic breakers made for different rated currents are of the same height and 
depth, owing to the use of unified component parts. Flexible current leads are ab- 
sent; instead, silvered cylindrical rods are used which conduct the current through 
the joints of mobile parts equally well. 


The basic constructional solutions mentioned 


A 

s00| j above, such as the parallel contact connexion and 

> A, the use of the current loop, are applied in other 
3 50 series of foreign automatic breakers, for instance 
a in the automatic apparatus Series R 913/R 914 of 
: 10 j the Siemens Co. (Federal German Republic). 
F : i It is interesting to mention the use of electro- 
cone i al magnetic contactors instead of automatic breakers 
: Os LINGe in low-voltage distribution systems. Telemechan- 
alene HN | ique Electrique Co. (France) make contactors of two 
e 008 AIK types: contactors for currents of 125-2750 A and 


voltages up to 500 V for work with fusible links, 
and automatic contactors for currents 800-2750 A 
and voltages up to 500 V, with limit breaking capac 
ity 30-65 kA, respectively (effective value of a 


FIG. 2. Protection characteristics symmetrical component), or approximately 60-130 
of automatic breakers of Series kA (shock current). 
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(2) "AK = 1-75, 9735, = 21600" A; On the basis of the above discussion we come to 


(3) AK-1-100, Jnom = 3000 A. the conclusion that it is necessary to develop a new 


series of home built universal selective automatic 
breakers for currents up to 4000 A. Their design should allow for fitting into the com- 
plete distribution gear. 


Fusible link protectors 


Fusible link protectors are a simple, reliable and cheap means of protecting 
electrical gear from short-circuits and considerable overloads. 


At present in the Soviet Union and in foreign countries three basic kinds of low- 
voltage fuses are widely used: a tube fuse without a filler, a tube fuse with a filler 
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and a screw fuse. Fig. 3 shows diagrams of the weights of these kinds of fuse, made 
by our national factories. 


Tube fuses without a filler of PR-1 series, made by the Electrical Apparatus 
Factory, Ufa, have been improved during recent years. A modernized series called 
PR - 2 has ratings, including the limit breaking capacity, not inferior to the best 
foreign fuses of similar construction. 


The factory continues its work for further increase of the limit breaking-capacity 
by increasing the strength of the tube cartridges. 


Substantial disadvantages of tube fuses without a filler — and this also applies 
to Series PR-2 — are their large size and weight, the considerable amount of labour 
needed for their manufacture due to the lathe tuming and threading operations, and 
the large amount of non-ferrous metals required. The use of Series PR- 2 fuses should 
be restricted to installations where it is not expedient to use fuses with a filler due 
to conditions of fuse refilling, for example in mobile installations. 


Tube fuses with a filler have, in comparison with fuses without a filler, a con- 
siderably higher limit breaking-capacity; they occupy less space, require less labour 
for their production and are approximately twice as cheap. 


In the U.S.S.R. until recently fuses 
with a quartz filler were made of Types 
NPN, NPR, PNR, A and KP; in these 
fuses the fusible link is made of copper 
and not of silver, as in the European 
constructions. At present the construc- 
tion of these fuses is already obsolete. 


The Factory of Electrical Apparatus, 
Kursk, has developed demountable fuses 
with quartz filler of a new series, PN-2, 
for currents 100, 250, 400 and 600 A 
and voltages up to 380 V. For putting 
the cartridges in the contact rack frames 
and for repair, a plastic detachable 
handle is provided. 


Weight (kg) 


Series PN- 2 fuses, according to their 
basic ratings, are up to the modern tech- 
nical level, but their limit breaking- 
capacity is not yet determined. More- 


Nominal current (A) 


FIG. 3. Weight of protectors. (1) Series PN2; 
(2) Series PR2 (short and long, with a front- 
and- back leads connexion); (3) Series PD5. 


over, fuses of this series are rated only 
for use on a.c.; the cartridges give no 
indication that a fuse has “blown”. 


There is no fuse for 1000 A. No con- 


struction allows for the back connexion of leads. 


Among the best foreign low-voltage fuses with quartz filling, fuses made by 
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Siemens and A.E.G. (Federal German Republic) deserve the greatest attention. A dis- 
tinctive feature of these fuses is the use of a fusible wafer link, made of thin copper 
metal sheet and soldered in the middle by easily melting metal (Fig. 4). The link con- 
sists of strips joining all longitudinal bands; when the arc is struck, all longitudinal 
bands melt. The limit breaking-currents for these fuses, at nominal currents 200, 350, 
600 and 1000 A and voltages 380 V a.c. and 440 V d.c., are equal to 70, 50, 50 and 
50 kA, respectively (effective value of a symmetrical component), i.e., approximately 
140, 100,100 and 100kA (shock currents). Cartridges are easily taken to pieces and 
are provided with an indicator for when the fuse has “blown”. 


The basic problem in the further development of national cartridge fuses with 
filling is to redesign PN -2 series in order to eliminate the above defects. 


Fuses with a threaded cartridge, which is screwed into a base (“plug”), for cur- 
rents of 6-20A and a voltage of 250V, with a limit breaking capacity of 600 A, are 
widely used in the Soviet Union for lighting purposes and also in control networks 
and in low-power installations. During recent years, these fuses have been consider- 
ably improved: dimensions of the porcelain base are considerably reduced, and the 
porcelain cover is replaced by a plastic one. But the most important detail of the 
fuse — the cartridge itself — was not improved, and the limit breaking-capacity of 
these protectors is still low; moreover, there is no indicator in the cartridge that the 
fuse has “blown”. 


In Western European countries, screw fuses in general use are usually made for 
currents up to 60A. The fuses have a removable steatite cylindrical cartridge, inside 
which are inserted fusible links with a quartz filling; the cartridges are provided with 
an indicator showing whether the fuse has “blown”. These fuses are similar to the 
fuses type PD and PDS which are 
made by our factories. The limit 
breaking capacity of Western Euro- 
pean fuses is several times greater 
than that of general fuses made by 
our national factories. 


Since screw fuses, which are manu- 
factured in the U.S.S.R. in tens of 
millions, are widely used and play an 
important role in the protection of 
electric networks and against fires, 
it is urgent that a new series of 
general purpose fuses should be de- 


veloped for currents 6, 10, 15, 25, 40 
and 60A. 


FIG. 4. Fusible link of a protector with fillings, 
of the Siemens Co. (Federal German Republic). 


In foreign countries, particularly in 
the U.S.A., inertial fuses are widely 
used, mainly for the protection of 
synchronous motors from overloads. In these fuses, we may use conductors of smaller 
cross-section than in ordinary high-speed fuses. Inertial fuses have two elements: 
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one which melts at overloads, and another which melts at short-circuits; this con- 
struction allows us to dispense with a starter with a thermal relay and to replace it 
by a non-automatic circuit-breaker with such fuses. This brings down the total cost 
of the apparatus, although inertial fuses are more expensive than ordinary ones. 


Non - automatic power circuit- breakers and switches 


Among different constructions of power circuit-breakers used in the U.S.S.R. and 
abroad we may distinguish three basic types: packet-type breakers and switches, 
knife-breakers and switches, and breaker-protectors. 


Packet-type breakers and switches are more and more widely used because of 
their smaller overall dimensions in comparison with the other power breakers and 
switches. The smaller dimensions are due to two-stage current-breaking and to arc 
extinction in a closed chamber with fibre disks. 


Tashkent Electrotechnical Factory has recently modernized a series of breakers 
and switches. The new type, which received the series name PV, is designed for 
nominal currents 10/6, 15/10, 25/15, 40/25, 60/40, 100/60, 150/100, 250/150 and 
400/250 A and voltage 220 V d.c. (the value of the current is shown in the numerator), 
or for 380 V a.c., (the value of the current is shown in the denominator). In this series 
three new sizes were included, and in the three other sizes the rated current values 
were increased. 


In switches with coniplicated circuits, sizes and weights are decreased due to 
the change in the contact shapes. The technical performance of the new series is not 
inferior to the performance of the best foreign packet-type breakers and switches. 


Among the new foreign constructions the three-pole breakers of the Westinghouse 
Co. (U.S.A.) and of the Arrow Co. (England) deserve attention. The mobile contact 
system of these breakers is similar to the consiruction of the packet-type Series PV 
breakers, but fixed contacts are situated on a plastic or ceramic flat rectangular base. 
The advantage of this construction is the use of the easily removable cover which 
offers access for inspection and repair of the contacts; this is absent in the packet- 
type breakers of the PV series. 


Knife circuit-breakers and switches made by our home factories may be divided 
into two series. The Electric Apparatus Factory, Ufa, finished the development and 
started the production of a new series for currents of 100, 250, 400 and 600 A and 
voltages up to 500 V. Breakers and switches of this series are provided with a side 
handle with side and central lever drives. The use of arc extinction chambers has 
greatly increased the breaking capacity of this apparatus. 


The second multiampere series for nominal currents up to 30 kA was developed 
and put into production during the last few years by the Khar’khov Electromechanical 
Factory. Both series of knife breakers and switches are not inferior to the best simi- 
lar foreign-made devices. 


Breaker-protectors are devices that perform the functions both of cut-outs and 
protectors, and of knife-breakers and protectors. Such a unification of the two separate 
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pieces of apparatus into a single one permits a decrease in overall dimensions and 
allows a reduction in the size of complete switchgear. Moreover, an economy in 
copper is achieved, because the blades of knife-switches or of cut-outs are replaced 
in such an apparatus by the fuse cartridges. Moreover, in an unified apparatus total 
circuit-breaking occurs in two stages, and this contributes to the arc extinction. The 
number of contact junctions is also reduced, and the energy losses due to contact 
heating are cut. Nevertheless, the complication in contact and kinematic nodes is an 
obstacle to the wider use of this apparatus. 


In the U.S.S.R. only the Saratov factory makes small quantities of breaker-protec- 
tors. Because of defects in the design of this apparatus, constructions of a new type 
are being developed. 


In foreign countries in recent years, the use of breakerprotectors has been 
spreading. The English firm, Lancashire Dynamo, makes breaker-protectors which 
can be fitted into switchgear. This equipment is made for currents 30-400 A and vol- 
tages 660 V a.c. and 250 V d.c. The English firm of Dorman and Smith makes similar 
apparatus for currents up to 300 A and 500 V with butt-joint contacts (not wedge 
joint as is usual). 


American firms, for example the General Electric Co, also make breaker-protec- 
tors. In the German Democratic Republic disconnector-protectors are made. 


Taking into account the advantages of breaker-protectors, it is necessary to 
speed up their development and to organize their production in our national factories. 


Complete distribution gear 


During recent years, low-voltage apparatus for distribution gear has been made 
in the form of complete devices, which may be divided into five types. 


Complete distribution gear with universal selective automatic apparatus was 
made by the Moscow Transformer Factory for individual orders as component parts of 
complete transformer substations. Such complete distribution devices without trans- 
formers are needed for the secondary distribution points in industrial plants. More- 


over, the existing construction of these devices is already obsolete, and it is neces- 


sary to develop new designs of complete distribution gear. 


Complete distribution gear with automatic apparatus Series A- 3100 are made by 
the Khar’khov Electromechanical Factory in the form of cubicles Type SU, which are 
situated in the walls of buildings. Distribution devices of this type, in dust- and 
water-proof casings, were recently developed by this factory. This apparatus is not 
inferior to the best foreign-made equipment. 


The development of complete distribution gear of a new design, fitted with plug 


contacts, is required to permit quick exchange of an automatic apparatus which needs 
inspection or repair. 


Boxes, cubicles, cells with fuses, knife switches, knife-switch-protectors, 
packet-type breakers, all assembled in one complete distribution gear, dust- and 


r 
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water-proof, are needed for many branches of the national economy. In the first place, 
these branches are: agriculture, building trade, forest, coal, textile, light industry, 
food and other branches of industry. 


At present, boxes and cubicles are made only in limited quantities and only by 
special order. Their construction does not satisfy the requirements of mass produc- 
tion and use. 


At present the building industry trade “Elektromontazhkonstruktsiaa” has de- 
veloped a series of boxes, which are assembled into complete gear. It is important 
that their mass production should be organized and that the development of new types 
of this series should be continued. 


Distribution boards for small electric power stations of Type ShUP, developed 
by the “Armelektrozavod” factory, are now produced in great quantities in connexion 
with the intensive building of small agricultural and industrial hydraulic power plants 
and of small electric power stations, driven by steam engines or by gas generators. 
Distribution boards of Type ShUP are used for the control of synchronous generators 


of outputs up to 150 kVA, 400/230 V, and for the power distribution in a few feeders. 


The construction of these boards satisfies modern requirements and is not in 
ferior to the best foreign -made apparatus of this kind. Control boards of two types 
for electric stations and substations are made by our home factories. 


The Leningrad factory “Elektropult” has produced control boards for many years. 
Control boards of the same design are also made by the Khar’khov Electromechanical 
Factory. During the last few years in the TsKB “Elektroprivod”, control and protec- 
tion boards of a new design have been developed, and their production is carried out 
by Novosibirsk Turbo-generator Factory and Minsk Electro-technical Factory. These 
beards differ from those made by “Elektropult”; they are of block construction. In 
every block the control and protection devices are collected separately for every in- 
dividual object, generator, transformer, line etc. In the most widely used two-row 
type on the front panel are placed measuring instruments, control keys and buttons, 
signalling apparatus and circuit diagram. Protection and automatic relays are located 
on the back panel. 


A passage is provided inside the block. In the single-row construction, the ap- 
paratus of the single block is placed on one or two closely situated panels. In com- 
parison with the board designed by “Elektropult”, the weight of the board of KU type 
is on the average 20-30 per cent less, the length is smaller by 15-20 per cent, and 
the depth in comparison with a two-row board, consisting of two separate panels, 
control and protection panel assembled together, is smaller by 700 mm. These con- 
trol boards are not inferior to the best foreign-made boards. 


Among the newest solutions in the design of complete distribution boards in 
foreign countries we have to mention the use of frontal panels made from transparent 
insulation materials, which enables the operator to watch the apparatus from his 
place (firms in the Federal German Republic), and also the use of luminous elements 
in circuit diagrams, including straps representing busbars, (A.S.E.S., Belgium). 
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Conclusion 


During recent years our home factories have developed and put into production 
a series of apparatus of low-voltage distribution gear. The output of this apparatus 


has been greatly increased. 


Nevertheless, so far as technical characteristics and performances of some 
series, particularly of automatic breakers, are concerned, this apparatus does not 
satisfy modern requirements and is inferior to the best foreign-made apparatus. 


In order to-ensure the further development of the designs under consideration and 
to organize the production of apparatus for low-voltage distribution gear along the 
lines discussed in this article, it is necessary, besides the enlargement of the pro- 
duction basis, to take several measures, of which the most important are: 

(a) development of the scientific research and laboratory establishments, in 
particular the setting up of laboratories for the investigation of breaking capacity in 
the Science and Research Institute of Electrical Industry, and in certain factories, 
designing and producing apparatus for low-voltage distribution gear, for instance in 
the Ul’ianov, Ufa and Kursk factories; 

(b) the carrying-out of all scientific and research work in accordance with a uni- 
fied plan; these tasks are to be carried out by all establishments developing low-vol- 
tage apparatus, by the research institutes and by the universities; investigations 
should deal with problems concerning contacts, arc extinction, kinematics and dy- 
namics of the apparatus, and the use of new materials; 

(c) the unification, normalization, standardization and development of All- 
Union series of apparatus for low-voltage distribution gear; 

(d) development and production of the new improved electrical insulating, 
conductive and magnetic material. 


Translated by S. Szymanski 
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The loci method is generally used in the theory of automatic control for the an- 
alysis of transient processes in linear networks (the separation of the stability 
regions with the help of the D-division method [1]. In the present article the 
method of loci is extended to the problem of finding the roots of the characteristic 
equation for linear oscillating systems. 


The proposed method is the most effective when it is applied to the investi- 
gation of the effect exerted by a certain circuit parameter on the transient process. 
The method is based on a construction on the complex plane which gives the locus 
of the roots for the characteristic equation of the circuit, when the locus corres- 
ponds to all possible (i.e. real) values of the circuit parameters. A general method 
of finding the analytical equation of the locus is given in the article. The con- 
struction of the locus according to its equation avoids the necessity for a numer- 


ical solution and considerably reduces the volume of calculation. 


Consider the practical application of this method to an example, of the calcul- 
ation of the transient process in the two-frequency circuit shown in Fig. 1. 


The circuit is one of the phases in a three-phase system with a circuit-break- 
er B, the contacts of which are opened. At the moment when the arc is extinguished, 
the process of voltage recovery ug across the contacts of the breaker begins. As 
usual, a shunt resistor is applied in order to ease the operation of the circuit- 
breaker, which leads to the reduction of the speed with which the voltage builds 
up. Now we set out the problem of investigating the influence of the shunt resistor 
value on the process of building up the voltage up. This problem directly arises 
at the selection of the shunt resistor value. 


In the majority of cases the process is so quickly attenuated that we can 
disregard the variation of the mains voltage during the build-up time of the voltage. 
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In addition, after the extinction of the arc the 
remaining admittance of the gap becomes 

vanishingly small very quickly. Therefore, we 
shall assume (as usual in the calculation of a 
voltage-recovery [2])that during this process 
the e.m.f. of the source, and consequently the 


input voltage U, remains constant and that the 
residual admittance of the gap is zero. We 
FiG.1. The calculated circuit. shall assume furthermore that the extinction 

of the arc takes place when the arc current 
goes through zero and that the voltage across the gap at the moment of extinction 
is zero [2, 3]. Then the initial conditions of the process are expressed by the 
equations: 


i, (0) =i, (0)=0; w,, (0) =u, (0) —Ui-4r- (1) 


For convenience, we introduce the dimensionless independent variable 


1 
t= ——— f = Ol. (2) 


The form of the voltage recovery Lp (r) with the initial conditions (1) has 
the following form: 
Lk ke 
(i es Se 
or PT+e, Thy (3) 
ty (P) =U Tab t aap Eb e 
The coefficients occurring in (3) are the following: 
La. ea Corti . ko 


Same TIS acre 


k k 
b= Eth) =l pz b= 14 he. 


Equating the denominator of (3) with zero, we obtain a characteristic equa- 
tion of the fourth order: 


p*- 2b, p* + a,p?-+-eb,p+t-a,=0. (4) 


The value of the shunt resistor occurs only in coefficient €, which is itself 
a variable parameter in this particular case. The locus corresponding to the 
various values of parameter ¢ can be found in the following way. 

We solve equation (4) relative to e: 


_ Pit ayp? + a (5) 
63p3 +- 1p 


@ 
~ 
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Assuming that € is a function of p = «+ jy (in relative units x is the attenuation 
factor, y the angular frequency), we separate the real and imaginary parts of (5), 
for which we multiply the numerator and denominator of the fraction by a polynomial 
which is the conjugate of the denominator . 


6 (x — jy)? + 5, (x — jy). 


The result of the multiplication can be represented in the following general 
form 


M(x, Y) N(x, Y) 
Sy) tl SN” (6) 


— 


where M, N and S are polynomials and are functions of x and y. 


Since parameter ¢, in effect, is a real number, the imaginary part of (6) must 
be zero. Therefore equation 


N (x, y)=0 (7) 


establishes such a functional relationship between x and y, at which to each 
pair of x and y values, satisfying equation (7), corresponds a certain real value 
of parameter «. Consequently equation (7) is the required locus. 


Equation (7) is obtained in the form of a polynomial of the sixth order re- 
lative to x and y. However, introducing the new variable 


z=Yrt+y? (8) 


and eliminating one of the independent variables, we can convert the equation of 
the locus into a form which can be easily solved relative to the other independent 
variable. 

Eliminating y, we find: 


by by by 
bs 26 — (a: + 7) A+ (arta, 5) se 4 


46," Se ae : (9) 
: 1 


Thus the co-ordinates of the points on the complex plane are the distance 
from the imaginary axis (x) and the distance from the origin (z). It is convenient 
to take z as the independent variable and x as a function of Z. Selecting various 
values for Z and calculating the corresponding values of x according to (9), we 
can construct the locus point by point. 


Now we note some general properties of the locus. 


Since the roots of the characteristic equation are complex conjugate values, 
therefore the locus is always symmetrical to the real axis and we can confine 
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ourselves to its construction on the upper half-plane. In addition, if the investi- 
gated oscillating system is stable, then the real components of the roots are 
negative or zero. In this case, that part of the locus which is in the right-hand 
half-plane has no physical meaning and it is sufficient to examine the locus in 
the second quadrant of the complex plane. 


If the investigated system has n degrees of freedom then the characteristic 
equation has n roots and to each value of parameter ¢ correspond n points on the 
complex plane. Hence it follows that the locus must have n branches. Each 
branch, placed in the upper half-plane, corresponds to a conjugate branch in the 
lower half-plane. If n is an even number then half the branches are placed in the 
upper half-plane and the other half in the lower half-plane. If n is an odd number 
then, in the limiting case, one of the roots will be real at any ¢ and the corres- 
ponding branch will fall into the real axis. 


The locus constructed according to (9) when ky, =2 and kc = 0.2 is shown 
in Fig. 2. Out of the four branches, numbers | and 2 are on the upper half-plane. 
Both branches start from the imaginary axis at the points for which « = 0. When 
€ increases from zero to infinity, the points representing the roots of the character- 
istic equation will move along the branches. 


Branch 1 reaches the real axis at the 
point x .,;, which corresponds to the critical 
operating condition for one of the oscillating 
components of the investigated process (at the 
critical value of «). At a further increase in « 
the two conjugated branches meeting at the 
point x ,,;,(i.e. the branches placed in the 
upper and lower half-planes) are directed along 
the real axis in opposite directions. 


Branch 2 does not reach the real axis. 
Consequently, the second pair of roots at all 
values of ¢ remain complex. This means that 
with the change in the value of the shunt re- 
sistor it is impossible to reach the damping of 
the second oscillating component of the process; 


=(206 <O6n-0y me0e eC 


FIG. 2. The locus of the roots of 

the characteristic equation when 

kC=0.2; k7,=2, z,> 25; (1) mixed 

mixed !branch; (2) complex branch, ; aR ; 

z,= 1; 2,= 0.316; z5= 0.5; z= i.e. it is impossible to bring it into the aperiodic 
0.633; x crjz= 0.707. condition. 


For the complete solution of this problem 
it is necessary to calculate the ¢ parameter value corresponding to the various 
points of the locus. Selecting a number of arbitrarily positioned points and substi- 
tuting the co-ordinates of these points into (5) or (6), we find the value of ¢ for 
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each pair of x and y values. 


It is convenient to represent the result of this calculation in the form of 
x (e) and y (e) curves. Such curves, corresponding to the locus given in Fig. 2, 
are shown in Fig. 2.(Fo branch 1 in Fig. 2 correspond curves x, and y, in Fig. 3. 
To branch 2 correspond curves x, and y,). Since the imaginary components of 
the conjugate roots differ only in sign and the real components of the roots in 
this particular case are not positive, in Fig. 3 the curves for the moduli of x and 
y are constructed. At the critical value of «, branch y, is zero and branch x, is 


doubled. 


Some problems can be solved by qualitative analysis of the locus without 
the point-by-point construction of its branches. One such problem, for example, 
is the question of damping the oscillations and the conditions necessary for 
damping. 


We shall examine the qualitative analysis in an example. 


According to the position of the branches, the place of the characteristic 
points can be estimated. To the characteristic points belong those points which 
correspond to the limiting values of €; i.e. «=0 and €= ~, also the intersection 
points with the axes. In some cases the first and second types of these special 
points are coincident. 


Now we shall find the characteristic points for the locus defined by (9). 
Assuming ¢=0 in formula (4), we obtain two pairs of imaginary conjugated 


; 14 / * 
sa : asst] —_. 
P| J Po iV ky 


roots: 


When ¢ = 0 the characteristic equation, in addition to the zero root, has a pair 
of conjugated imaginary roots: 


er a) 
3 aa ky (1+ Rc) : 
Thus, in this particular case, the points for which ¢ = 0 and e = » are 
simultaneously the intersection points with the axes. 


Since the roots p,, p, and p, are imaginary and the corresponding points are 
on the imaginary axis, the moduli of these roots, z,, z, and z, must satisfy 
equation (9). Consequently, the numerator of the right hand side of (9) has the 
roots + Zz, + Z, and + 2Z,, and it can be represented in the following, more 
convenient, form: : 
by. (Z2— zi) (22 — ze) (22? — z3) 


pe hee aoe ed 


4b, 22 z , (10) 
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Oe = paca 
2=La=V ai 2=V aaFey® 


+ -Q6 26 2% -Q2 0 
FIG. 4. The locus of the roots of 
the characteristic equation when 
kc=1; k L=2;2,< 23 


0. 0% 08. f2 46-20 .24. 28 


FIG.3. The real and imaginary parts of the (1) mixed branch; (2) complex 
characteristic equation as functions of the branch; 
variable parameter €. Zz, = 0.866; z4= 0.817; |xcrit|=0.814 


For those values of z to which a real value of x corresponds, the right hand 
side of (10) must be positive. Consequently, the real values of z, i.e. those values 
which satisfy the Physical conditions of this problem, fall into a certain region 
which is divided into intervals. The region of the real z values can be determined 
from the conditions that on the boundary of each region one of the four differ- 
ences ( z? — 24) is zero, and inside the region the right hand side of (10) is 
positive. 


It can be seen from (10) that to each z value, taken in the region of its real 


values, corresponds only one negative x value. Therefore to each region of real 
z values corresponds one branch of the locus. 


The comparison of the z,, z,, z, and z, values shows that the two latter 
values are always between the first two. Two variants of the mutual position of 
the branches are possible, depending on whether z, or z, is larger. The branch 
with the final point p, does not reach the real axis. We shall call it complex. 


The other branch reaches the real axis at the critical point and we shall call it 
mixed. 


To be specific, we assume that z, > z, i.e.kC < ky. Then the variants of 
the positions for the complex and mixed branches can be represented as follows. 
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In the case when z, < z, (kc > k_), it is necessary to interchange the 
position of z, and z, in these inequalities. 


To the two variants of the branch positions correspond two types of loci, 
shown in Figs. 2 and 4. 


When z, = z,, the locus consists of the arc 1: 


2 2,-== 2, 
and curve 2: 
9 b. 2 2 2 
Saar a5 Zee) 


This case is represented by Fig. 5. 


The abscissa of point x __.,can be found by solving (10) when |x| = z. This 


crit 
will be an equation of the third order relative to z?. For the numerical data, by 


which Fig. 2 was constructed, we find: 
i = 
xerit = — FR Ferit = V 2. 


The regions of the z values will be: 


0.316 < z < 0.5, Complex branch; 
0.633 <z <1 Mixed branch. 


In effect, the complex part of the mixed branch ends at z = |x.,;,=lV2> 2, 
instead of z = z, = 0.633; i.e. the region of the real values for the complex part 
of the mixed branch will be somewhat narrower than that established before. 


Now we shall generalize the procedure for finding the analytical expression 
of the locus to the case of a characteristic equation having an arbitrary form, 
with the single limitation that the coefficients of the characteristic equation 
linearly depend on the variable circuit parameter. We denote the variable by ec. 
The characteristic equation in the general case is of the following form: 


Vie, ap Cy Wee Ay (11) 


where 
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Solving equation (11) relative to ¢, we obtain 


(12) 


ae -08 "06 I its 0 


FIG.5. The locus of the roots of 
the characteristic equation when 
kc = 0.5; kp = 23 24 = Zs 
Z,=1; 2,=0.5; z3=2,= 
0.707 


Ix itl a 


Converting (12) in a similar way, as was done before with (5), we obtain an 
equation of the form of (6). In this case equation 


N(x, y)=0 


is also the required locus. Introducing the new variable z, we find that the locus 
will be a polynomial, the order of which is one degree lower than that of the 
characteristic equation, relative to x. In many cases, however, the coefficients 
of the higher powers of x are zero and the degree of the locus, relative to x, is 
two units smaller than that of the characteristic equation. This is especially 
true in the above case. 


We represent the locus in the form of a polynomial relative to x: 
n—l 
) A,x* =0, 


R 
k=0 


Then, for example, for n = 6 coefficients A, will be the following: 
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Ag = Cgs2!0 + (C54 — Cgg) 28 + (C43 — C52 + 61) 2°-+ 
d + (632 — €41 + C50) 24 + (Co — C59) 2? ++ C103 
Ay = 2 [C642° + (C53 — 2Cg9) 26 + (C4p — 205) + 
+ 3€ 69) 24+ (C31 — 2C49) 2? + Coo) 
A, = 4 [¢532® + (C59 — 3¢6)) 24 + (4; — 
— 3059) 2? + Co]; 


Ag =8 [C924 + (C5, — 469) 2? ++ C4]; 
A,= 16 [¢,,2? + cso]; 
As == B26 405 


To reduce the amount of writing, the following notation was introduced 
Ci, = a,b, —a, b.. 


The equation of the locus when n < 6 will be obtained as a special case of 
the examined equation, when zero is substituted for the corresponding C;, coef- 
ficients. 


Finally we note that (12) can be examined as a function of the complex 
variable p, which gives a conformal transformation of the p plane on the plane 
of the complex parameter ¢, while the locus determined in the p plane is trans- 
formed into the positive part of the real axis on the ¢ plane. 
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DETERMINATION OF THE LEVEL OF MAGNETIC NOISE OF 
D.C. MACHINES BY THE METHOD OF 
ELECTROMECHANICAL ANALOGY * 


I.G. SHUBOV 


S.M. Kirov Factory “Elektrosila” 
(Received 7 May 1957) 


Magnetic noise produced by d.c. machines in many cases prevails over noise of non- 
magnetic origin and thus determines the general noise level of the machine. 


One of the fundamental problems in calculating magnetic noise is the determina- 
tion of the space forms of the frame vibrations and of magnetic forces appearing in 
the machine air gap. Therefore, in this article, before the discussion of determination 
of magnetic noise by the method of electromechanical analogy, basic formulae for 
calculation of various types of vibrations and of periodic magnetic forces are given; 
basic assumptions, used for deducing these formulae, are stated. 


The space forms of frame vibrations 


The frame of a d.c. machine, being an elastic ring, has an infinite number of de- 
grees of freedom, but due to the nature of exciting forces acting on the frame, only 
certain definite forms of vibrations are produced. These vibrations may appear in the 
form of a symmetrical tension — compression, bending or torsion of the ring. 


In designing a d.c. machine it is necessary to pay particular attention to the 
possibility of coincidence of the frequency of exciting forces fe with the frequency 
of natural vibrations f, of the system, consisting of the frame with main and auxiliary 
poles: 


fe = Zn/60 (la) 
ih = A/QaNingke) (1b) 


where me is the equivalent mass of the system; Ag is the equivalent compliance of 
the system for various kinds of vibrations; Z is the number of slots in the armature; 
n is the speed of rotation of the armature. The coincidence of frequencies fe and f, 
results in a sharp increase of machine vibration, i.e. leads to a resonance of vibra- 
tions, which is highly undesirable. Let us note the similarity of formula (1b) with the 
formula for the frequency of natural oscillations of an electric circuit consisting of 
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inductance L and capacitance C: 1 
eta = (2) 
any Le 
In calculating the vibrations of a frame at resonance or at frequencies near to 
resonance it is necessary to take into account the damping resistance of vibrations 
in the frame: 


Tmf = 2a fom FD, (3) 


where P is the damping factor, equal for 
steel to 0.0525; mf is the mass of frame. 


The action of this resistance is 
analogous to the action of an electric 
resistance in a circuit rp, L, C, to which 
an oscillating voltage is applied. 


According to the nature of exciting 
forces, the space vibrations of frames 
are possible with the number of deforma- 
tion waves equal tov =O andyv>|. 


Vibrations of the zero kind (v = 0) 
The frame undergoes deformations of 


FIG. 1. Space forms of frame vibrations; extension and compression (Fig. la). 
(a) vibrations of the zero kind, (b) vibra- Radial compliance of the frame is: 
tions of the first kind, (c) vibrations of 
the second kind. R 
Ne = Lem/kegl, (4) 
fo 27ES 2 


where R is the radius of the mean line of the frame (cm); F is Young’s modulus 
of elasticity (kg/cm?); S is the area of the transverse section of the frame (cm?). 


Vibrations of the first kind (v > 1) 
The frame undergoes. bending deformations (Fig. 1b). Here we have to distinguish 
two cases: 


First case (v = 1) 
The frame is clamped at two points. In this case the radial compliance of the 


frame is: : 
rame is de = 2 [cm/kgl, (5) 


where factor €, depends on the angle w of the frame clamping and may be found from 
Fig. 2; and J;, is the moment of inertia of the frame cross-section with respect to the 
% - x axis (cm‘). 


Second case (v > 2) 
Vibration nodes are situated at places where main poles are fixed or between 


them. The radial compliance of the frame in this case is given by the formula (5): 
__ v¥(v? —1) 
eat apaite iS 
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Vibrations of the second kind (Fig. 1c) 

Such vibrations occur in machines with 
wedge-shaped armature slots or wedge-shaped 
pole shoes. In this case the frame executes 
bending and torsional vibrations. 


Radial compliance of the frame is: 


0 
180 200 220 240 260 280 300 820 340 (°C) 


where lf is the length of the frame (cm); 
ly is the moment of inertia of the frame trans- 


FIG. 2. Dependence of €, on J. verse section with respect to the y-y axis 
(cm‘); 
g ee Lae (8) 
1+ o + 2y?’ 


a Poisson’s ratio, equal for steel to 0.3. 
The action of periodic magnetic forces caused by the armature teeth 


All petiodic magnetic forces, so far as their action on main poles and frame is 
concemed, can be subdivided into three groups: 


(a) radial forces F, producing radial displacements of poles and the frame vibra- 
tions of the first and second kind; 

(b) bending moments M_ producing angular displacements of poles in the trans- 
verse plane of the machine and frame vibrations of first kind; 


(c) torsional moments Mp producing angular displacements of poles in the longi- 
tudinal plane of the machine and frame vibrations of the second kind. 


TABLE 1. 


Number of teeth in 
a pole division and 
in a pole arc 


Kind of the 
exciting 
force 


Vibrations of | Number of defor- 
the adjacent | mation waves 
poles on the frame cir- 


cumference and 
the kind of 


vibration 
Bending moment 


In phase V=2p 
“s (first kind) 
oe fi toes oy mente Js Radial force In phase v=0 
se ) (zero kind) 
mA asin an ae aie 5, ee pape moment | In antiphase V=p 
°P 2 i (first kind) 


27 =I n+ pls . op ie Radial force In antiphase V=\p 
de 2 1 | (first kind) 
Thoughout, n is an integer 
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The conditions for the appearance of radial forces and bending moments for the idle 
run of the machine are given in Table 1. 


So far as torsional moments Mp are concemed, they are due to the wedge shape 
of the armature slots or pole shoes, this shape being used in d.c. machines to weaken 
the action of radial forces and bending moments. 


During the run of an electric machine, superposition of different kinds of vibra- 
tions takes place, and this complicates the problem of determination of the vibration 
level of the frame. Nevertheless, as investigations show, for practical calculations 
in most cases we may only consider the influence of these forces that excite oscilla- 
tions of the first kind. Nevertheless, we may only neglect the action of radial forces 
producing oscillations of the zero kind, and of torsional moments due to these forces, 
in the absence of the resonance of vibrations. Such an assumption is permissible 
owing to the following considerations: 


(1) Radial forces producing oscillations of the zero kind are to a considerable 
extent attenuated by the damping action of the excitation winding. 


(2) The torsional moments produce only insignificant vibrations of the frame, 
owing to its small torsional compliance. 


Considering that radial forces and bending moments can produce only vibrations 
of the first kind, it is convenient in designing an electromecnanical analogy to re- 
place the action of bending moments by the action of equivalent radial forces (so far 
as values of deformations, which are produced by them, are concermed). 


Thus a bending moment M, applied to a pole may be replaced by an equivalent 
force Feq applied between the poles: 


yM 
Feq = — (9) 


where the value of y for various v may be taken from Table 2. 


WN Peo | | 
NAIK sanee 
AAA A AAV AVAVA 


50 55 60 65 70 75 80 85 90 95 10 


Moreover, to simplify calculations 
we may neglect the action of tangen- 
tial forces, since they are always 
smaller than radial ones. 


The magnitude of periodic mag- 
netic forces may be determined by 
formulae given in Table 3 for 
machines having rectangular or 
FIG. 3. Dependence of Mo and Vo on a. wedge-shaped armature slots, or an 
uniform or eccentric gap, this is 


often done in practice. 


Formulae given in Table 3 are derived for the no-load and on-load run of the 
machine, on the basis of the following assumptions: 


(a) the alternating magnetic field in the armature slots varies sinusoidally; 
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TABLE 2. 


NT ANE] A 
ANA 
ARR RAR 


O65 60 65 20 26 80 85 90 95 100 


FIG. 4. Dependence of W, and V, ona. 
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FIG. 5. Dependence of Uy and U, on c. 


(b) the magnetic system is 
unsaturated; 


(c) the stepped shape of 
the curve of armature reaction 
is neglected. 


B; \2 
Fo=( sx) 6,1, lkgl. 
where €= k, — 1; 
ae he load 
‘7 eB , the loa 


factor; Wo, Vo, We, Ve are 
functions of a= b p/ty (Fig. 3 
and 4); U, and Up are func- 
tions of the slope of wedge 
shaped slots, c (Fig. 5); Bs 
is magnetic induction in the 
air gap (G); bp is width of the 
pole shoe (cm); J, is the 
length of the pole (cm); k, is 
Carter’s coefficient; As is 
linear load of the armature 


(A/cm); 6 is thickness of the 


air gap (in the case of an eccentric gap the thickness of an equivalent uniform air 


gap is used) (cm). 


Noise due to yoke 


The yoke of an electric machine may be considered as a cylindrical radiator of 
sound waves; its radiation power N is determined by the vibration speed of the yoke 
xo and by the acoustical resistance of the yoke in air rg [41]: 


1 
N = —r x@. 
2 


(10) 


Acoustical resistance rg may be calculated approximately by the formula [41]: 


Ta = TRIP vshr, 


(11) 
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TABLE 3. 


Shape of the|Kind of 


Value of the amplitude of forces and moments 


Kind of 


armature slot] excita-|_ forced 
or of the Uniform gap Eccentric gap vibrations 
pole shoe 
Rectangular | Radial lV ibrations 
eco of the 
F,=2Foe VW + x2V8 | F, = 0.36 Foe VW? + 1.722 zero oF 
first kind 


Bending /ibrations 
moment} M, = Foeb, V V3 + x°W3 | M, = 0.18 Foe bb V Ve + 1.7x9W2 | of the 
first kind 
Wedge- Radial Vibrations 
shaped force of the 
F,= 2 Foe U; We 3P x*Ve F,= 0.36 Foe U;, y W2 +, 1. 7x?V2 zero or 
first kind 


My = Foe bpU; V V8 + 2¥3 


M, = 0.18 Foe bp Ur Ve + 1.7x?W3 


sional | M, = Foe InUp V W8 + x7V3 | Mp = 0.18 Foe Up V 2 +1.7x2v3| of the 
moment } second 
kind 


where pv, = 41.3, the specific acoustic resistance of the air. Function ¢, depends on 
the effective radius of the cylinder 27 R/A where A is the length of the sound wave 
for the frequency f, (Fig. 6). 


Acoustical pressure of a distance d from the 
machine yoke in the case of open space is: 


N 
q = 408 V =e [bar]. 2) 


The level of the machine noise with respect to 
the level of the acoustical pressure 


qo = 2x 10~* bar, which is arbitrarily chosen as 
a zero level, will be: 


ye 20log* [dB]. (13) 


FIG. 6. Dependence of ¢, on 27R/A 
for different V. 


Electromechanical analogy 


It is known that for calculating complicated mechanical and acoustical oscilla- 
ting systems we often replace them by bettersknown systems. Such systems are elec- 
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tric circuits whose equations are analogous to the basic equations of motion in 
mechanics and acoustics. 


(c) 


FIG. 7. Equivalent circuit of the node A, of a vibrating 
d.c. machine: (a) machine; (b) mechanical system; 
(c) equivalent electric circuit. 


In comparing these equations we see that as friction r,,,mass m and compliance 
d of a mechanical system determine its motion, so resistance rg, inductance L and 
capacitance C determine current in an electric circuit. 


In calculating the magnetie noise produced by an electric machine, we may re- 
place the system under investigation by a simple translational mechanical system, 
which in turn may be represented by an equivalent electric circuit (Fig. 7). 


In designing an analogy we may neglect the compliance of poles and the mass 
of bolts attaching the poles to the frame. Table 4 gives the conventional symbols of 
mechanical and electrical systems and formulae for their calculation. 


The knowledge of parameters of a mechanical system and frequency of exciting 
w enables us to determine the total impedance z,, of the mechanical system by 
analogy with an electric circuit (Table 5). It is customary to call the units of resist- 
ance of a mechanical system “mechanical ohms”; their dimension is kg sec/cm. 


For the electric circuit (Fig. 7c), we may determine the current z, and in con- 
sequence the speed of vibrations of the machine frame x,. 


After having performed calculations using the circuit in Fig. 7, it is interesting — 
to find the level of magnetic noise under the condition of absolutely rigid attachment 
of the poles to the frame. In this case the equivalent circuit becomes a simple cir- 


: 
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cuit with elements r,, L, C connected in series; solution of this problem is quite 


easy. 


Element of a mechanical 


system 


Mass of a pole 


Compliance of bolts, 
attaching a pole to the 
frame, for tension: 


for a radial force 


for an equivalent force 


Mass of the magnetic 
system without one 
main pole 


Radial compliance of 
the frame for tension 
compression (zero kind 
of vibrations) 


Radial compliance of 
the frame for bending 
(first kind of 


vibrations) 


Radial compliance of 
the frame for tension 
(second type of 
vibrations) 


Damping resistance of 
the frame vibrations 


Mechanical resistance 
of the machine frame 


in air 


TABLE 4. 


Conventional symbols adopted and 


mathematical formulae. 


in a mechanical system 
“use 
Ae 


Ig 
As = [cm/kgl 9 
kEs 
2Rls 
A5= [cm/kgl, 
yakEs 


where Js is length of a bolt in a 
smooth part (cm); 
k — number of bolts; 
a — width of the core of the 
main pole (cm) 
s — area of a section of one 


bolt (cm?) 


Mo 
[ formula (4) | 


Afi 
hy 


[ formula (5) | 


dys 
ka 


[ formula (7) ] 


“mf 
aptenn 
[ formula (3) | 
"ma 


r &E 
ma=% ee ta 
& 


[ formula (} 1)] 


in an elec- 
tric circuit 
pte 


Cg 


—t- 
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TABLE 5. 
Electric circuit Mechanical system 
1 ae «hell 
QE ae oe 2] ae a 
jaCs jas 


1 : 
23k = TE + j@(Lo- Lp) + —— | 23m = tm + j@ (mo — mp) + —— 


jaoC f 


Example 


Calculation of magnetic noise of ad.c. machine. 1. Initial data: n = 1600 rev/min, 
2p = 4; Bs = 5680 G; As = 187 A/cm; Z = 42; t, = 1.72 cm; bp = 12 cm; a=6.8 cm; 
L, = 14.5 em; k, = 1.23; ¢ = 0; 6 = 0.25 cm (uniform); J, = 16.6 cm*; R = 20 cm; 
S =.50 cm 7; 

Weights of: pole, Gp = 13.2 kg; magnetic system, Go = 135; frame, Gf= 63 kg. 


Bolts: k = 2; ls = 1.8 cm; s = 1.13 cm?. 


Calculations 
lL. fg= 42 1600/60 = 1120 c/s; w = 7030 1/ sec; A = 29.4 cm. 
25 ied 12 
—=10 = = 7.0; c= 
2p ae hen Scr tasulaa dar 


For these ratios vibrations of the first kind are excited by bending moments M, 
with the number of waves in the circumference of the frame v = 2 (Fig. 1). 
3. peed die e 
1.6-0,25:5680 — 


4. 1 (5680 9.3-19.8 
Mr EAS a= RRC aa ei 
ae rine 12?-14.5-0.23*4.5°10" = 19.8 kg/em; Fog, oA 9,2 kg. 
5. 2:20:1.8 
rent I ee 
9.3°6.8°2°2.1°10%1.13 em/kg; 
20: 
de. = = 5.110 em/keg; 
Cl 9 n:0, \1eee eet om/kegs 
2(2? — 1) 


€,= = 2.69; w,= 1200 1/sec. 


| 


pats j7030—= = = 70.094:103 mech 
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a Q 
Zam = j7 030-0.24- 10-6 = — j0.595- 108 mech 5 
63 ; 135 — 13.2 

m = 0.0525. 1 200 -ga- + {7 00——Ga, + 


1 
+ F7030-5-1 10-8 = 9-0040- 108 + j0.842- 108 mech 0; 


rq = %-20-25-41.3-1.0 = 6.5-10 g/cm. 


7. Total mechanical impedance of the machine from the circuit in Fig. 7. 
2 = 2.1-108 mech O 


8. X= a4. 4.10-3 cm/sec x2 = 10.4-10-3 cm/sec. 
9. N= 6.5-10*- 108- 10-8. 10-* = 350-10-6 W. 
359. 10-46 
10. q=008 Ve 241.07 =!-8 bar. 
ee ine 
11. Magnetic noise T = 20!og5 =a To-* = 79 dB. 


The analysis of the noise spectrum of the machine shows that the level of mag- 
netic noise for the frequency of magnetic forces 1120 c/s is equal to 76 dB. 


Translated by S. Szymanski 
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TRANSIENT PROCESSES IN AN ELECTRIC DRIVE FOR AN 
EXPONENTIAL VARIATION OF THE MAGNETIC FLUX * 


Yu. P. PETROV Leningrad 


(Received 1] July 1957) 


In many d.c. drives transient processes occur when the magnetic flux varies 
exponentially: the starting of a motor when the excitation winding was not con- 
nected before the start, the control of the motor speed by varying the magnetic 
flux, and others, are examples of such processes. In spite of the importance of 
these transient processes, no convenient methods for their calculation are avail- 
able. The method proposed by Kuznetsov, [1] which consists in integrating the 
differential equations of the motor by means of power series, requires tedious 
calculations. Nikitin and Kunitskii in 1943 suggested a description of the trans- 
ient processes in an electric drive, for the exponential variation of the magnetic 
flux, by means of new, non-elementary functions [2]. The realization of this idea 
proved to be difficult because these non-elementary functions depend on many 
parameters. Consequently, their evaluation and use was not easy. 


In this article the functions of one parameter (and of time) are discussed; 
they permit an easy calculation of transient processes. 


Let us make the following assumptions: 

(a) the magnetic flux in the motor increases and decreases as a strictly expon- 
ential function; 

(b) the armature reaction is absent; 

(c) the armature inductance is zero; 

(d) the torque due to the load resistance of the drive is constant. 


With these assumptions the differential equations of the drive, when the 
motor is started without the excitation winding being energized in advance, are: 


var tool. Ta) os (1) 


ect 
T, 


: _ 7dw 
Ci® (; —e vast M, 
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where U_ is the grid voltage 

q is the armature circuit resistance 

® is the steady state value of the magnetic flux; 

«@ is the angular speed of the armature rotation; 

J is the moment of inertia reduced to the motor shaft; 
M, is the torque due to the load resistance of the drive; 
T,, is the time constant of the excitation winding. 


~4 


We introduce the relative values for current i, =; ; angular speed @, = 
st 


@/@, 1; time x = t/T,, and the torque \ = M,/M,,ax, where I,, is the current for 
for the stalled armature of the motor, w nl angular speed of an idea! no-load 
running and M,,,, = Cl,, © the maximum torque of the motor. 


Dividing the first of the equations (1) by U=r,1,,=C@®. wy) and the 
second by M,,, = Cl,;,@, we get: 


l=i,+(1—e™)o,; 
: : 1 dow (2) 
Ly Se ahaa ine 


where K = T,,/T., 3 Tm = 1 @n1/Mmax, the electromechanical time constant. 
Eliminating i, from the system (2) we get: 


ar 4 (le tio (Ie) + =O. @ 
—k(x—0,5e—2 Ce 
Equation (3) reduces to quadratures: , =e a Ena Sc a < 
x 
Sea = 4 
x [it fC Ce ge 2) erl=—O,be X46 “as| , ( ) 
0 


where fo is the initial condition value w, for x = 0. 


The integral in equation (1) cannot be evaluated in a finite form and is in- 
convenient for an approximate calculation. Fixpression (4) can be represented 
as a sum of three terms: 


©, =f, (%, &) foe (x, k) +A fy (x, k), 


where 
hi (x, k) =f (x, k)-k x 


a 
x< fi pe e) eh(4—0.5e—2* + 2e—*—1,5) dx: 
0 


fa (a k) =e ete ae 8), 


x 
fs (x, j=— - (x, k) p epee ey 
0 
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FIG. 1. Graphs of f,, f, and 0.1f; as functions of x = t/T,,. 


Since f,, f, and f, depend only on two parameters, x and k they can be represented 
as a family of curves. 


Fig. 1 shows curves f,, f, and 0.1 f,. Values of k = 0.2 — 1 are characteristic 


for low power electric drives; values k = 0.5 — 5 are characteristic for the medium 
P 
power drives. 


Curves in Fig. 1 may be used for the calculation of transient processes not 
only for the case when @ = 0, but also for any value of the initial magnetic flux. 
From the expression: 
| — (l—a ) e*=—]— Peas 
where x» = /n/l—a, it follows that, after the change of variable x, = x. + x, the 
calculation of the transient process for an initial magnetic flux not equal to 
zero also reduces the use.of the curves in Fig. 1. 
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The application of the method of calculation discussed is illustrated by the 
following examples. 
Example 1. 


The start of a motor, for which & = 1 and d = 0.2, is made without previous 
switching - on of the excitation winding. 


It is required to find the current and speed. 


The process of accelerating the motor begins when its driving torque becomes 
greater than the torque due to the load-resistance; i.e. when 1 — e~* = 0.2. Hence 
we find x = — ln (1-0.2) = 0.222. Hence we have: 


wy = f(A 1, x = 0.222) + for fa (= 1). x = 0.222) -+ 
+0.2-fs(e= 1, x = 0.222) = 0. 


(6) 


Since the values of f,, f, and f, are known from Fig. 1, we find from equation 
(6) fo = — 0.06. 
Finally, for 0 <x < 0.222, we have 


[o, = 05] 
for x > 0.222 


oy = fi(k= 1, x) —0.08- fy (k= 1, 2) + 
+ 0.2-fg(k = 1, x). 


Having found w;, we use the equation i, = 1 - (1 — e*)@,, and calculate the 
armature current. 


Example 2. 


In a motor (k,= 2 and A = 0.1), after shunting the resistance in the circuit 
of its excitation winding, the magnetic flux increases from ®) = 0.5 ® to ©. 


The initial angular speed wo = 1.6 @,), the initial current i, = 0.2 /,,. It is 
required to calculate the transient process, which takes place after shunting the 
resistance. 


From (5) we find: 
= — In (1 — 0.5) = 0.696 


Therefore, when x = 0.696 we have w, = wo = 1.6. 
On the other hand, at the same moment of time: 


Oy = fi(k = 2, x = 0.696) + fo-f2(k = 2, x = 0,696) + 
4.0.1-f,(k = 2, x = 0.696). 


(7) 
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Having found the values of f,, f, and f, from Fig. 1 on the basis of (7) we find 
a= 1.58. 


Finally we Oy = f1(k = 2, x — 0.696) + 1.58-f,(A=2, x—0.696) + 
have: + 0.1-f,(k = 2, x — 0.696). 


The results of calculations are given in Table 1. 


TABLE 1. 
x, =x—0.696 0 | 0-3 3 | 2.3 
Op 1.6 1.57 1.36 1.03 
ip 0.2 0 —0.18 0.03 
Ja bos se, ee SS Ee See ee 
Example 3. 


Start of the motor PN — 28.5, 110V, 2.2 kW, 1500 rev/min is made without 
previous connexion of its excitation winding to the generator PN-85, 115 V, 


6.5 kW, 56.5 A, 1460 rev/min. 


The armature resistance of the motor 0.443 ohm; armature resistance of the 
generator 0.141 ohm; resistance of connected leads 0.167 ohm. The magnetic 
flux of the motor 0.328 x 10° maxwell; the number of turns of the excitation wind- 
ing per pole 1400. The time constant of the excitation winding, the dissipation 
factor being accounted for T,, = 0.184 sec; the electro-mechanical time constant 


T, = 0.31 sec.; k = 0.184/0.31 = 0.594. The values of t and wy are calculated 


as in Example 1. 


Table 2 gives the results of calculations and the experimental data, recorded - 
by means of oscillograms. 


TABLE 2. 
Op lp 

5 fy (ee) Saleal experi- experi- 

culated| mental calculated| mental 
(0) 0 0 0 1 0 
| 0.184 0.183 ORVaa 0.885 0.880 
2 0.368 0.44 0,450 0.620 0.670 
3 0.552 0.68 0.700 0.350 0.400 
4 0.736 0.8 0.850 0.220 0.205 
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TABLE 2. 


Tele 
BZzE 
oe 
Ea 


4 


® 


FIG. 2. Graphs of f;, f,, fs and f, as functions of x = t/ te 


For calculation of transient processes with an exponentially decreasing flux it 
is necessary to introduce new functions f,, f, and f, corresponding to functions 
fi. fz and f, for the case of an increasing magnetic flux. Fig. 2 shows these 
functions, calculated for the case when the magnetic flux decreases according 
to the law: 


om =a 
2 fin ries Js 
Ns in the case of the increasing magnetic flux, on the basis of the equality 


ae” te fis ada 3 of i 


by the change of the variable x, = x + %», we reduce the calculation of a ranaiene 


where x, = Ina, 
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process, for any initial value of the magnetic flux (less than twice’the value of 
the final flux) to the use of the curves in Fig. 2. 


Example 4. 


A resistance stage is introduced into the excitation circuit. The initial 
magnetic flux is 1.5 ®; the initial speed is 0.6 of the steady state speed (after 
the end of the transient process). The time constant of the excitation winding, 
calculated with the introduced resistance accounted for, is T,,, = 0.2 sec. The 
electromechanical time constant of the drive, calculated for the final value of 
the magnetic flux ®5;,, T,, = 0.15 sec; A= 0.1. We find T,,/T,, = 1.33 and x» = — 
In 0.5 = 0.696. For x = 0.696 the following equation is valid: 

wy = fg(# = 1.33, x = 0.696) + fo: fp (2 = 1.33, » = 0.696) + 
4. 0,1+fg(# = 1.33, x = 0.696) = 0,6. 
Having found from curves in Fig. 2 f,, f; and f,, we find fo = 6.7 and finally we 


get: 
Wy = f4(k = 1.33, x — 0.696)+6.7-f; (4 = 1.33, x — 0.696) + 


+ 0.1-fs (4 = 1.33, x). 


Accounting for the armature inductance 

The comparison of the results obtained by using curves in Fig. 1 and 2 with 
the experimental data shows that neglecting the armature inductance leads to an 
appreciable error only at the beginning of the transient process. In particular, at 
the start of the motor the maximum value of the current due to the armature in- 
ductance is always smaller than that for the armature stalled (i; ,.4, < 1), whereas 
by calculating by means of the curves in Fig. 1 and 2, we get i, pay = 1. To in- 
troduce corrections into the calculation of currents at the start, appropriate 
curves are constructed in Fig. 3; they give the values of the maximum current 
at the start as functions of the factor k = T,,/T,, and of the ratio T,/T,,, where 


Ta= L,/ta, time constant of the armature circuit (sec). 


a 425° 12,50 18.75 25,00 35425 37.50 $375 S040" 


FIG, 3. Graphs of lmay/!g¢ as functions of Tg/Tm. 
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For the drive discussed in example 3, the armature inductance of the motor is 
0.00357 H, of the generator armature — 0.00136 H. Hence the time constant of the 
armature circuit T, = 0.0066 sec. 


For this case, according to Fig. 3 we have i, a, = 0.98, and the experi- 


mental value of i, ».a, = 0.96. 


The lower curve in Fig. 3 (& = 0) is constructed for the infinite rate of in- 
crease of the current, which is equivalent to the previous connexion of the ex- 
citation winding. From Fig. 3 it follows that the influence of the armature induct- 
ance in the case, when the excitation winding was not energized before the start , 
is less pronounced than in the case when the excitation winding was switched 
on before the start. 


Conclusions 


The above method, based on the use of special functions given by the graphs 
of Fig. 1 and 2 allows both quick and sufficiently accurate calculation in practice 
of the transient processes for the exponentially varying magnetic flux. 


Translated by S. Szymanski 
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THE USE OF ELECTROMAGNETIC POWDER COUPLINGS FOR 
FREQUENT REVERSALS OF A DRIVEN MECHANISM * 


T.A. GLAZENKO 


Leningrad 
(Received 13 June 1957) 


Many types of electric drives operate under conditions of frequent reversals of the 
direction of motion of a driven mechanism, the frequency of reversals varying with- 
in the limits 0.1-10/ sec. Very often in this case a quite definite graph of motion 
is prescribed; to comply with the specified requirements sufficiently large acceler- 
ations for starting and braking should be applied. The use of electric machines, 

working with a reclosing feedback, usually does not satisfy all the requirements 

of the drive. Owing to difficult thermal conditions and a large value of the dynamic 


FIG.1. Diagrams of a drive with the use of powder couplings to control a driven 

mechanism: M is the motor of the drive; I, II the couplings; CW, and CW,, excita- 

tion windings of the couplings; DM the driven mechanism; TG a d.c. tachogener- 
ator; and A, and A,, amplifiers. 
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torque, necessary for quick accelerating and braking, the power of a motor should 
be greatly increased, and special arrangements for its cooling are needed. 


The use for this purpose of two powder couplings together with a mechanical re- 
ductor (Fig. 1) enables us: 


(a) to decrease the power and facilitate operation of the driving motor; 

(b) to use, for accelerating and braking, the kinetic energy accumulated by the 
rotating masses of the non-reversible part of the drive; 

(c) to shorten the duration of transient processes and to decrease thermal losses 
in the drive; 

(d) to realize the specified graph of motion and to vary the mean speed of rota- 
tion of the driven mechanism. 


Transient processes in an electric drive at reversals 
of a driven mechanism. 


The analysis of the reversal process has been carried out according to the 
method and assumptions which are stated in [1]. 


Let us adopt the following notation: 


M,, M,, are torques transmitted by couplings 1 and 11 to the shaft of the driven 

mechanism; 

ey, ew] and sy], syy: angular speeds and slips of non-reversible and reversible 
parts of the drive; 

Tet, Tell, Tg and Tey; equivalent time constants of the couplings I and II dur- 
ing the period of connecting and dis-connecting from the grid and switching in 
a discharge resistance; 

T, =J{ @o/B and Ty = Jj @. /B: electromechanical constants of the driving and 

driven parts of the drive. 


The torque of the motor Bs,, torques of both parts of the drive for no-load run 
M1, M_117,torque due to the static resistance of the load, Ms, and moments of in- 
ob “oll> ie 
ertia on non-reversible and reversible parts of the drive, J[, J[], are all considered 
to be reduced to the shaft of the couplings. 


Equations of motion of the driving and driven parts of the drive are: 


ds, (1) 
Bs, = — J% ap + Mit Mi + Ma: 


dw, (2) 
M,+ My =i te + Mu, +,. 


The reversal begins at the instant of disconnecting the winding of the .coup- 
ling I from the grid and closing it through the discharge resistance. 
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In this case 


T 
M,= M,¢ = 


where M, . is the moment of the coupling corresponding to the steady state value 
of the excitation current. Let us split up the process under consideration into 
four periods. 


In the first period, slowing down begins at the instant of time 


, M 
t=1.= eeeeae Se 
fo Tlaasy Mon’ 


when the decreasing torque of the coupling I becomes equal to M, + Mj], aad 
lasts until the instant of switching of the winding of coupling II (t = t, + t,). The 
length of this period is equal to the time ¢,, of operation of the switching device. 
Denoting t-t) = t’, (M,)t, =Mss,+ exp (-to/Te ,) and taking into account the 
initial conditions, for ¢’=0, we get 


My + Mo+Mo Mo +My 


$= $s) = B = B 


integrating equations (1) and (2) we get: 


Mu ere rye 
s= za —- e oe 
Eee he 
(M, Zot a 7 me 
a rare (i 
BUN — Ter) (3) 


) rf 
ea! ler ( ah ma) (4) 
Jn 


Usually the electromagnetic constant of the process of disconnexion of coup- 
lings is so small that at the end of the first period of the reversal the torque of 
the coupling I becomes zero. Substituting into formulae (3) and (4) the value t’= 
t,, we shall find the values of speeds and slips at the beginning of the second 
period: sp, s]Jb, @1b, @IIb- 


The second period, of reversal-braking, lasts during the time ¢, from the 
moment of connecting the second coupling (¢ = to + ¢,) till the moment of stand- 
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still if the driven mechanism (t = t, + ¢t, + ¢,). The increasing torque of the coup- 
ling II brakes the reversible part, and we have to substitute into equation (2): 


tr 
es os (5) 
mC Ba ) 


Choosing the instant when ¢ = ¢, + to as a zero moment for time-counting, 
and denoting t — t) — t, = t,’’ we solve equations (3) and (4) with regard to the 
initial conditions (¢“’= 0; sy = sy; and wy = @y];) 


{” 
Mo + ™ ssi a2 M sil M ssIl Tou Py (6) 
S = e é 
Bo ssh Br =e eee 
t0 
alis Dai) cs ssl 2 1B tee 
2 B BYT, — Te) g 
Fa 
M silo a ten 
Oy = Oy, ( eg 2 2 (7) 
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The last equation is valid up to the moment of time, when wy; becomes zero. 


The third period of the acceleration of the driven part in the opposite direction 
(t,), lasts till the moment, when the slip between the driving and driven part of 
the coupling vanishes. 


Fort =t) +'t, + t, + ts, 


@] = WI] = Weng: Equations and formulae, given in [1] for the acceleration 


of the driven mechanism are also valid in this case. 


In the fourth period, that of reversal, the acceleration of the driven and driv- 
ing parts of the drive reaches the steady-state speed under conditions of rigid 


engagement (¢,). 


The motion of the system is characterized by a single general equation [1]. 
with initial conditions: for 


te St tot oe et, tt, 0, 
Sl "Sit Seng. 
The total time of the reversal will bet... = to + t, + t, +t, + ty. 


Calculations of the transient process and construction of the graph of the 
motion of the load are greatly simplified if Ty; >3 T,. 
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In this case we may assume that the decrease and increase in the torques of coup- 


lings occur instantaneously and in the equations of motion (1) and (2): 


Mr = Mss] = constant; My] = Mss|] = constant. 


Then the formulae for speed of the reversible parts are reduced to the form: 


(a) during the period of braking: 


+M 
o=1—(s Se sss] ‘ t")o o—®,5- 


J11%0 
— su + Moyy (8) 
il 
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/ ing: seed ant a (9) 
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(b) during the period of accelerating 


ae aa, vag ee fuss _ 
: fy ‘ Mess 


(10) 


where s,,and @,. are steady state values of the slip and angular speed of the 
coupling. 


Fig. 2 shows curves sy and sy, = f (t) and My, My = f(t) calculated by the above 
equations. 


On comparing these curves with the reversal oscillograms (Fig. 3) recorded on 
a certain installation, we may note the analogy in the shape of the theoretical and 
experimental curves w 1; = f (t). The oscillogram of the change of the motor cur- 
rent (Fig. 3) shows that in this system the motor works under a nearly constant 
load; braking and accelerating of the driven mechanism is done at the expense of 
the kinetic energy of the rotating masses of the non-reversible part of the drive 
(in this installation Jj, % 3 Jy). It is easy to show that the mean speed of the 
driven mechanism and the torque of the powder coupling are related by the follow- 
ing equations: 


(a) in the case when the curve (Fig. 3) has a horizontal portion; 


2 
2i%y Mss 
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(11) 
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(b) for a triangular shape of the curve my = re 


2 aed 
2. ee see es 
mell~ 8], M , (12) 


SS 


1) 


where 7, is a period of the curve wy] = f (¢). 


Thus, varying the excitation current in the couplings, we control the mean 
speed of the output shaft of the installation by decreasing the steady-state torque 
of the coupling (M;, =kisp). Speed control of installations has been realized by 
means of magnetic amplifiers connected in the excitation circuit of the couplings. 
To obtain a steady-speed control of the mechanism for a constant period of re- 
versal in the circuit in Fig. 1b, a feedback coupling is necessary in systems with 
a variable torque of the load resistance. 


if the shaft of the driven mechanism is to rotate at a constant angular speed 
for all values of the angle of rotation, i.e. if for all angles we want to preserve 
the trapezoidal shape of the curve n |, = f (t), then a negative speed feedback has 
to be introduced in the system (Fig. lc). Experimental and theoretical investiga- 
tion of such a system will be the subject of another work of the author. 


We may also control the speed ny; for a constant excitation current of the 
coupling by varying the speed of rotation of the driving motor. In this case the 
trapezoidal shape of the curve ny,;= f(t) is preserved for all the values of the 
speed, and the period of the reversal process decreases with the decrease of ny, 
[The speed of the motor ]. 


Thermal conditions of the couplings 


The heat developed during the reversal of the driven mechanism should be 
dissipated by the couplings, without overheating them to a temperature dangerous 
for winding insulation. Therefore, the dimensions and construction of the couplings 
should be so chosen as to ensure an adequate dissipation of heat. Losses of 
energy in couplings consist of losses due to slip A ,) copper losses in windings 
A,, and friction losses during no-load running A,). Losses due to slip play the 
most important part in the development of heat in couplings controlling a revers- 
ible mechanism. These losses are taken as a basis for calculations. 


Fig. 4 shows diagrams of power losses in couplings I and If in relation to the 
graph of the output shaft speed. In calculating losses due to slip we assume that 
the change of the torque of the coupling takes place instantaneously and the 
speed of rotation of the driving part of the system remains constant during the 


reversal process: 
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FIG.2. Graphs for calculation of reversal par- 


ameters Sy Syy= f(t) and My, My =f (¢). 
@]= @s,5 = constant. 
The loss of energy due to the slip in a powder coupling during the braking 
and accelerating processes is determined by: 
ta 
Ast Ay + Aa =f My (w,+w,) de” + 


t 
SoM, (w,- w,) de” (13) 


90 


Integrating this equation and taking into consideration relationships (8) - (10) we 
get: 


(14) 
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FIG.3. Reversal oscillograms of the driven 


mechanism for the constant angular rotation of 

the motor nj, = 8000 rev/min (Fig. 1b): (a) 1, 

motor current; i ex excitation current in the coup- 

pling; nj; mean = 16 rev/min, the mean angular 

velocity of the output shaft; angle of rotation 

of the shaft for %T, @ = 120°; reversal fre- 

quency f =0.4c/s; (b)” |] mean= 1.67 rev/min; 

a=10°; f=0.5 c/s. 
Introducing the notation for the security factor of the coupling K = M ,,/ 
M , and rearranging the formula (14), we get the expression for energy losses due 
to slip for one cycle. 54 
| 2k — 
Ay = hi AoE (A). (15) 


The relative loss of energy due to slip 


__Asi__ 2k(2k —1) 


* sly Ao k2 — ] 


as a function of the security factor of the coupling, & is given in Fig. 5. 


It is advisable to choose a value of & greater than 2. It is remarkable that 
within the range of values of the coupling security factor from 1.8 to ~, the 
value of energy losses due to slip for the period of braking and accelerating re- 
mains nearly constant (Fig. 5) and may be considered equa! to that for no-load 
running 

A a4 lias 
sl 2° (16) 


Mean power losses in the coupling for a cycle are: 


P eofistat w +Anl: 


’ 
me x 


(17) 
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where 
AD = Wes eS , 7 ST “Coffs 
Ao = 20,3 Mi M ye (0,03 ...0,08). 
Having determined P .,¢,, and chosen the method of cooling of the coupling, we 


may calculate the area of the external surface of the coupling, which is required for 
heat dissipation, from the relationship: 


P.=k, S(— te); (18) 


where k; is the coefficient of thermal dissipation of the coupling surface; 


$= nD, 1+2 “Tex ~ (LT - 2.04) D? + 2,08 D? = (3.78 - 4.12) D2, the 


area of the external surface of the coupling, which dissipates heat (cm?); 


te the permissible limiting temperature of the coupling frame; 


t) the temperature of the ambient medium; 


D mean diameter of the working layer. 


FIG.5. Graph of the variation of relative energy 
losses in the coupling due to slip, during the 
period of braking and accelerating, as a function 
FIG. 4. Graph of the speed of the driven of the‘coupling safety factor k= Mec (se 
mechanism wp, = f (t), coupling torques 
My, Mr = f(t) and power losses Pej]; 
Psetl =f (t) and Prot =f (¢). 


The limiting temperature of overheating of the powder couplings, ¢8 is deter- 
mined by the type of insulation of its excitation winding and varies within the limits 
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70 - 130°C (The last figure applies to the couplings with a glass-mica insulation 
on a silicone-organic base). 


Values of k, determined experimentally for various speeds of motion of the ex- 
ternal surface of the coupling, are given in Fig.6. The curve k,=f (v) is obtained 
from experiments with a single-gap cylindrical coupling with a smooth, zinc-plated 
external surface [6 ga 0.35 mm; filler carbonyl! iron-tale (10:1) }. 


The value of the coefficient of thermal dissipation may be increased several 
times by blowing on the coupling surface (Fig. 6). 


In installations in which the dimensions and weight of the coupling play a de- 
cisive role, it is necessary to provide the heat dissipating surface with fins and to 
use forced ventilation. In this case the maximum value of k,should be taken for 
calculations. 


In the class of drives which are discussed here, the reduction ratio from the 
motor shaft to the driven mechanism is rather large. In designing the drive we have 
to choose a place for fixing the couplings and determine the reduction ratio i,. For 
this purpose we may be guided by the following considerations. 


The magnitude of the area of the heat dissipating surface ,S, of the coupling, 
which was found by formula 18, determines the dimensions (external diameter Dex 
and the diameter of the layer) and, consequenily, the torque of the powder coupling 


FIG.6. Dependence of the coefficient of sur- 

face cooling of the coupling on the linear 

velocity of its external surface: (1) for natur- 
al cooling; (2) for farced cooling. 


Knowing the torque due to the static resistance of the load, we may determine the 
dynamic torque on the output shaft M dyn, which ensures the required acceleration 
of the driven mechanism during the specified period of time tg, The ratio of these 
two moments determines the appropriate value of i,. 


From the above considerations we can recommend the following order for the 
calculation of similar electrodrive systems: 
(1) Determination of the energy losses due to slip for a cycle and of the mean 
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power losses in the coupling; 


A, =2-1.1 ee 


1.05457 
sl Bees LTA = 
Coefficient 1.1 takes into account the moment of inertia of the driven part of the 
coupling and toothed gears of the reductor. Coefficient 1.05 is introduced to account 
for losses of the no-load run of the coupling and thermal losses in the winding. 

(2) The choice of the method of cooling the coupling and of the coefficient of ther- 
mal dissipation (Fig. 6) [3]. 

(3) Determination of the external area of the coupling surface, which is needed for 
the heat dissipation: 


P 
Saar Tees [cm?]. 
as 
(4) The choice of the number of gaps and a preliminary calculation of the driving 
torque of the coupling: 
(a) a single-gap coupling 


— (VSB 


se ag Lhe em); 
(b) a double gap coupling 
| V3 
s<—_ eee [ kg cm]. 


(5) Calculation of the dynamic torque of the coupling, required to achieve the ac- 
celeration of the driven mechanism during a specified period of time tq: 


Ja.m2 dim. 
Mayn= Se 


ue 


(6) Determination of the transmission reduction ratio from the coupling shaft to the 


load shaft (i,): 


(1. .2125)\Maya oie 
9M ; 


lo= 


where 7 is the efficiency of the reductor. Coefficient 1-1 is used in the case of a 

double-gap coupling, 1.25 for a single-gap one. 

(7) Calculation of the basic dimensions of powder couplings and of their windings. 
The known data in this case are: the driving torque transmitted by the coupling 
to the driven shaft and operational conditions of the coupling. Comprehensive 
discussion of methods of calculation is given in [2-4]. 
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(8) Checking of thermal calculations of the coupling on the basis of data obtained 
(moment of inertia of the reversible part of the drive, geometrical dimensions 
of the coupling, security factor and winding losses). 

(9) Calculation of transient processes in the system and construction of the graph 
of motion of the driven mechanism by the above methods. 


Recommendations for designing powder couplings 


For the class of drives discussed above it is advisable to use powder coup- 
lings of the cylindrical type. In order to decrease dimensions and weight of the 
installation, high speed (n = 1000- 2000 rev/min) double-gap couplings are constructed. 
Their driven part is made in a form of a hollow thin-walled shell to obtain a small 
moment of inertia. Labyrinth glands in the axial direction together with ordinary 
felt packing keep the powder mixture quite safely in the working gap. 


in order to decrease the torque of the no-load running in the high speed coup- 
lings, it ts necessary to decrease the volume of the frontal gaps and to separate 
them from the working chambers by the strip labyrinth glands, and to avoid re- 
lative speeds of rotation of the coupling components greater than 10-12 ,m/sec. 


As a filler for the coupling gap, dry mixtures of the carbonyl iron R-8 with 
silicon dioxide may be recommended, the coefficient of volume filling being 
eote 
yFeV 


where Gp, is the weight of the carbonyl iron in the mixture, which occupies volume 
V (cm*) (g) 
Y Fe is iron density (g/..,3). 


KFe = ~% 0.34-0.4 


The mixture of carbonyl iron with ground mica, which was proposed by Pugovkin, 
has also a high general and thermal stability. 


The specific tangential stress, which is transmitted by dry fillers for a given 
value of magnetic induction in the coupling gap, and also the permeability of the 
mixture, are determined mainly by the properties of the ferromagnetic powder and 
the coefficient of its volume filling. 


The values of the specific tangential stress 7 , which is steadily transmitted 
by the dry fillers containing carbonyl iron R-8, and also the values of the relative 
permeability 4/0 have been determined experimentally ; Fig.7 shows them as 
functions of the mean value of magnetic induction in the coupling gap B ¢ 


Within the range of induction values 0.2 - 1.2 V. sec/m?, the value of r for powder 
mixtures during slip is practically independent of the relative speed of the working 
surfaces of the coupling. Experiments have shown that, due to the redistribution of 
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the mixture in the coupling gap, the torque of a powder coupling with a dry filler 
varies during the first 2-3hr of itsrunning-in. Afterthat the torque remains constant. 


Oi 02 NF C4 05 OF 07 O08 O9Wsec/m? 
FIG.7. Variation of the specific tangential stress 7 in a 
layerand the relative permeability y/o of dry fillers as 
functions of the inductance B in the coupling gap.(1) k Fe 
= 0.4; (2) k pe= 0.3. 
Tests of powder couplings were carried out under conditions of frequent re- 
versal at a steady winding temperature of about 110°C. The mechanical character- 


istics of these couplings M, =f /i s;/were again recorded after 400 hr running. 
No decrease in the value of the torque was found. 


Control characteristics of some individual couplings M ,,= f (i sf) were taken 
eighteen months after their filling (average working time of a coupling was 800 hr). 
Maximum variation of the torque did not exceed 5 per cent. 


The above discussion leads to the conclusion that powder couplings with dry 
fillers are quite reliable elements of electric drive systems; they offer wide pos- 
sibilities in the field of automatic control and regulation. 


Translated by S. Szymanski. 
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THE INCREASE OF THE RELIABILITY OF 
CONVERSION NETWORKS * 


A.A. SAKOVICH 


All-Union Lenin Institute of Electric Technology 
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In a conversion network there are elements which introduce lumped or distributed 
capacitances and inductances, thus forming additional oscillating circuits. In net- 
works electrically connected with rectifiers, we have to take into account: 


(1) capacitances with respect to the earth of the transformer and reactor wind- 
ings, of cables, wall bushes, current transformers, anode dividers, auxiliary insu- 
lating transformers, transformers and conductors of the auxiliary circuits; 


(2) dissipation reactances of the power transformer and of the anode dividers, 
inductances of the feeding busbars, of the blocking and smoothing reactors. 


In the circuits comprising the above-mentioned reactive elements oscillations 
arise; harmful effects of these oscillations increase with the increase in power and 
voltage of the conversion installations. Oscillations arise at the beginning and at 
the end of commutation, when a sharp change of conditions occurs in the network; 
they become more prominent with the increase of the control angle, when the commu- 
tation voltage increases. As an example we may mention interference in wire commu- 
nications, which arose during the transition into the inversion operation of the trac- 
tion substations of the electrified railways; these disturbances were so strong that 
it was necessary to abandon the regeneration of energy. One of the power conversion 
installations, which worked quite satisfactorily during the process of adjustment, at 
a low voltage, could not be put into operation at a high voltage; investigations have 
shown a strong influence of the commutation processes on the control networks, 
which made the normal working of the rectifiers impossible. In many cases inter- 
mittent currents, resulting from heavy overvoltages, were observed. 


Investigations, carried out directly on installations and using modern and speci- 
ally designed instruments (cathode oscillographs, dividers, shunts, electronic inci- 
cators) gave a satisfactory explanation of the character of these phenomena, and 
their analysis helped, in the development of practical improvements to secure the 
normal operation of the high-voltage conversion networks and to remove or to reduce 


* Elektrichestvo, No. 4, 53 — 57, 1958. 
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considerably disturbances caused by the operation of these networks. These results 
may be useful in normalizing the work of invertors on railway transport substations, 

in installations for methane electrocracking and in other highrvoltage converting net- 
works, working separately or in parallel with other networks. 


Problems connected with overvoltages arising in the case of parallel connected 
converting networks (for example on converting substations of d.c. transmission lines) 
are not discussed in this article. 


Processes at the end of commutation 


Let us consider a three-face bridge network, which is normally used for power 
conversion installations for voltages from 10 kV upwards. Taking into account com- 
plementary capacitances and inductances of the elements of the installation, we ob- 
tain a network as shown in Fig. la. Assume that, at the given instant, rectifier 6 is 


working and that current commutation takes place from rectifier 1 to rectifier 2 
(Fig. 1b). At the end of the commutation period, current in rectifier 1 ceases to flow 
and the voltage across it becomes: 


ee V2-V3u,,sin (a+). (1) 


Owing to the presence in the network of reactive elements, this voltage does not 
appear instantaneously, but increases gradually. Since this system consists of a com- 
plicated network, divided into branches comprising capacitances and inductances, 
oscillations of two or more frequencies arise; the losses in the links of the system 
bring about rather rapid damping of these oscillations. In the general case, the shape 
of the curve of the recovery voltage is determined by the equation: 


ec =V2- VBL sin(e-by bot) — Sher etna 4 @y 
+ Ay sin (ot + ,) e age + A,sin(w,¢+ v,)e™ =|} 


where A, and A, are coefficients which determine the relative value of a harmonic* 


@, and @, appropriate angular frequencies of the harmonics; y, and wy, phase angles; 
7, and 7, time constants, characterizing the damping of oscillations. 


From formula (2) it is seen that the amplitude of the reverse voltage cannot attain 
the double value of the amplitude of the commutation voltage, which could happen in 
the simplified equivalent network (Fig. 1b) free from losses. On a real installation 
the reverse voltage amplitude does not exceed 140—160 per cent of the commutation 
voltage amplitude. This is due to the loss of energy in the links of the installation 
and also to the fact that the maxima of the individual harmonics do not coincide. 


The usual method of decreasing the first amplitude of the reverse voltage and of 
slowing down its rate of increase is damping by additional circuits comprising 
capacitances and resistances (Fig. 1c). The methods of calculating damping circuits 
are discussed in the literature [1—3]. However, it is necessary to point out that we 

= 
* The value of the coefficients A,, A,....A, is subject to the condition 
k 7 wee: 


on =m | 
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pas 6 6 c) d) 
b) 


FIG. 1. Circuit showing starting-up of oscillations at 
the end of commutation. 


cannot choose the value of the damping resistance solely on the basis of decreasing 
the first amplitude of the reverse voltage (the “optimum value of the damping resist- 
ance”). The value of the resistance of the damping circuit is chosen on the basis of 
the relationship between the rate of increase of the reverse voltage and the amplitude 
of its first rise, which is given by the characteristics of the rectifiers and the circuits; 
the condition of the ignition process should also be taken into account, and this will 
be discussed later. The practical value of the damping resistance is taken to be much 
less than that following from the conditions of the optimum damping of oscillations 


of the recovery voltage. 
a) b) c) 


FIG. 2. Oscillogram of the recovery voltage curves for 
various values of the damping resistance. 


Fig. 2 shows the oscillograms of the curves of the anode-cathode voltage (upper 
series) and the shapes of the initial rise of the recovery voltage for the same curves 
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(lower series), recorded on a high power installation (1600 A, 10 kV). '{ 


In Fig. 2a) we see a very small value of the damping resistance-oscillations of 
the recovery voltage are considerable and slowly die away. Fig. 2b shows a slightly 
greater value of the resistance: the oscillation amplitude is decreased and damping 
is stronger. Finally, in Fig. 2c the resistance is near to the value for conditions of 
optimum damping; considerable damping takes place, but the slope of increase of the 
recovery voltage has increased sharply. 


Taking into account the characteristics of mercury rectifiers for high voltages 
we may remark that the shape of the curve of the reverse voltage in the case of the 
optimum value of the damping resistance (Fig. 2c) is less favourable, since the slope 
of the voltage increase is considerably greater than that of the curve in Fig. 2b. 


Processes during the ignition of rectifiers 


During the ignition of the rectifiers, the discharge occurs of the capacitances 
connected with the rectifier anode and cathode; these capacitances are charged to 
the potential uj = (2 V3 Uph sin a. Fig. 3a shows an approximate circuit diagram. 
In this figure the distributed inductances of the anode busbars and also the capacit- 
ances of the busbars and the connected elements of the installation are shown in the 
form of a chain of lumped inductances and capacitances. The capacitances, which 
take part in this process, have approximately the same value as those in the oscil- 
lating circuit for the recovery voltage, but inductances are considerably lower (in- 
ductances of the feeding busbars are of the order of 10“ H/m.) 


Owing to this fact ‘frequencies become much higher, of the order of 105 - 10° c/s, 
and because of the distributive character of the capacitances and the inductances a 
nearly continuous spectrum of oscillations appears with individual peaks of resonant 
frequencies. Let us consider a simplified equivalent circuit for the dominating fre- 


quency (Fig. 3b). 


2L, ye. ii On closing of the knife switch, which is 
equivalent to the ignition of rectifier, the 


value of the current flowing in the circuit is: 
f. 


i= V3-¥/ Up \ [ary sine Fan 
| 
t 
— 5 sina-sin(ot+4,)e si dt +9) 


t t 


Sina. 2. pera Sinan sre 
—-Sinw,f-e ' —— 2 


FIG. 3. Circuits showing starting-up of 
oscillations during the ignition pro- : 
cess of rectifiers. 


where La is a lumped dissipation induct- | 
ance of one phase of the power transformer with the reactance of the feeding-grid 
added; L, the inductance of the network supplying the rectifier; @ the angular fre- 
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quency of the feeding voltage; w, the angular frequency of oscillations; Cg the capaci- 
tance of the damping circuit; 7, the time constant characterizing the damping of high- 
frequency oscillations; y% the phase angle of the voltage of high-frequency oscilla- 
tions. Moreover, if 32 

a 

l 1 
\ Reger BFA sin (a + wt) — 5 — sina: sin (w,¢-+ a 
0 


3r 


t 
eo smc sng 


ayby” 


then the current in the rectifier circuit will pass through the zero value and will 
change direction. If a rectifier is connected in the circuit, which conducts currents 
only in one direction, the current in the network will be intermittent, and anode peaks 
of the reverse voltage will appear on the rectifier. Fig. 4 shows the oscillogram of 
the intermittent ignition process. Such a character of ignition is harmful to the recti- 


fier because of increased sputtering of the anode material. Also, frequent extinctions 
of the excitation anode in the excitrons 


or of the arc of the igniter in the ignit- 
rons take place; this is due to the high 
rate of voltage decrease and to the 
growth of reverse voltage on the main 
Or, anode during the ignition process. This 
results in failure of operation of recti- 
fiers and produces strong overvoltages 
in the control circuits, which is very 
dangerous for the auxiliary equipment. 
gn, In the case when, during the ignition 
process, high frequency oscillations of 
r=$:10 sec a great amplitude arise, they cause 


To eliminate harmful effects during 
FIG. 4. Oscillogram of current and voltage the ignition periods, blocking reactors 
oscillations during the ignition process. are used in the anode circuits and the 
appropriate resistances are chosen in 

the damping circuit. 


By connecting the reactor we decrease the oscillation frequency and the current 
am plitude during the ignition process. By a careful choice of the value of the damping 
circuit resistance, we may increase the current component of the aperiodic discharge 
and achieve a situation in which the anode current at ignition will decrease to zero 
and pass through the zero value. Fig. 5 shows the components of the anode current 
during the ignition process: in presence of oscillations and intermittent ignition (a), 
and for the normal ignition process (b). 


A right choice of the parameters of the damping circuit and the blocking reactor 
is rather difficult. The available methods of calculation are complicated and not 
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sufficiently tested. 


Experiments with an electrical model, with an enlarged time scale, or direct de- 
tailed investigations on the installation are the proper methods for choosing the para- 
meters. The values of inductances of the blocking reactors lie within the limits of 
10-5 - 10* H; in the case of high power installations, reactors become rather 
cumbersome. The value of the capacitance of the damping capacitors of each phase 
is of the same order as that of all secondary windings of the transformer with respect 
to earth. The value of the damping resistances chosen to obtain the current, over- 
lapping the current of high oscillations, is usually smaller than the value of resist- 
ances, that ensure the aperiodic damping of the oscillations of the recovery voltage. 
In choosing the value of damping resistances it is necessary to bear in mind that 
losses in the resistances may be heavy and may reach 0.5-2 per cent of the power 
of a conversion installation. The losses increase considerably with the increase of 
the ignition angle. 


The influence of processes in the power network on the control network 


For considerable values of the ignition angle, the rectifier ignition is accom- 
panied by an abrupt variation of the potential of its electrodes. Abrupt variation of 
the cathode voltage can influence the control network and disturb the operation of the 
conversion circuit. Premature ignitions or ignition failures may occur in the individual 
rectifiers. One of the causes occurring in practice and producing these failures is 


FIG. 5, Components of the anode current of a rectifier during the 
ignition process, 


shown in Fig. 6a. It can be seen from the circuit that with the ignition of the rectifier 
of the anode group (for example, 2), its cathode potential sharply increases and be- 
comes equal to the anode potential. If the control networks have a considerable 
capacitance with respect to earth (for example, if the feeding leads are not suffici- 
ently screened or screening is badly executed), then the change of the potential 
values on the corresponding conductors will be delayed (owing to the influence of 
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capacitance). This will lead to the appearance on the grids of impulses of negative 
polarity. In consequence, of the two parallel connected rectifiers only one will work, 
namely that which fired first. 


In the case of the oscillating growth of the anode current, the working rectifier 
may also be extinguished. 


d 
b) 


FIG. 6. The influence of processes in the power net- 
works on the control networks of a rectifier. 


Fig. 6b shows an oscillogram of the grid voltage in the above case. On the other 
hand, the induced voltage on the grids may cause premature ignition, for example, of 
the rectifier 2 when the commutation of rectifiers 3 and 4 takes place. The presence 
of similar induced voltages in the ignition circuit of the ignitron may also cause ig- 
nition failures and lead to the early damage of the semiconductor igniters. From the 
above discussion it follows that the method of construction of feeding leads of the 
control networks plays a very important part in high-voltage conversion networks. The 
screening of all in-leads is recommended, and the screen should be connected to the 
cathode of the corresponding rectifier, as shown in Fig. 6c. Fig. 6d, shows the volt- 
age oscillograms of the grid circuits of the same installation (in Fig. 6a), but after 
alteration of its network. There is a possibility of overvoltages arising in the grid 
circuits due to the capacitance between the grid and the main anode. Nevertheless, 
for voltages on the main anode of the order of 10 kV these overvoltages are easily 
suppressed by connecting a small capacitor between the grid and the cathode. 


Very dangerous voltages arise in the case of intermittent currents. Under such 
conditions, rectifiers of the anode and cathode groups fire each in turn for a short 
period; current impulses flow in the circuit, which is formed by the capacitance with 
respect to earth of all secondary windings of the transformer and the lumped dissipa- 
tion inductance of the secondary windings of the transformer. With every ignition of 
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the rectifier the periodical recharging of this capacitance takes place. Overvoltages 
with respect to earth are 5—8 times greater than the working voltage on the second- 
ary windings; this is very dangerous for the equipment and causes breakdowns and 
backfires in the rectifiers. The elimination of these harmful effects, under the con- 
ditions of intermittent currents, may be achieved by one of the following methods: 


(1) Earthing of the star point of the transformer and of the star point of the load 
through resistances, or connecting these two points through aresistance. In the case 
when transformer windings are delta-connected and there is no star point, artificial 
zero points are formed by resistances, which are either interconnected or earthed. 
Thus a leakage path is provided for the capacitance charges of the secondary wind- 
ings of the power transformer. 


(2) Wide control impulses (width 60—90 el deg) are used to establish conditions — 


for re-ignition of rectifiers after their extinction by the oscillating anode current. 


(3) A special control circuit is used to apply trigger pulses on the rectifiers, 
when the anode voltage on a given rectifier exceeds a predetermined value. 


These methods have been tested on real installations and on models; positive 
results have been obtained in suppressing overvoltages caused by intermittent cur- 
rents. 


Increase of operational stability of an invertor 


Recently the use of inversion installations has increased; bridge circuits con- 
trolled by various methods are also widely used; in these systems one group of recti- 
fiers works as convertors, and another is controlled to act as invertors. 


The output voltage in these networks may vary within wide limits,with a better 
power factor on the d.c. side than in the usual networks. 


Nevertheless, ignition failures hamper the invertor operation; the occurrence of 
failures increases with increasing voltage. 


To prevent the harmful effects of ignition failures and to increase the operation- 
al stability of the invertor, we may use the following method. Consider a three-phase 
network working under inversion conditions, a voltage diagram of which is shown in 
Fig. 7a. If the ignition of a consecutive rectifier (voltage diagram 2) fails, this 
causes the “reversal” of the invertor, which is not spontaneously suppressed, since 
the increase of current at the “reversal” leads to the increase of the commutation 
angle, and the transition of the current to another rectifier cannot be accomplished. 


Fig. 7b shows the action of the technique of “advanced ignition”. In this tech- 
nique, in the case of ignition failure in a consecutive rectifier (for example 2), a 
trigger pulse is applied to the grid of the next rectifier, 3, with a lead of about 60 
el deg. This produces a switching of the current from rectifier 1 to rectifier 3, and 
the invertor continues operating even in the case of a long delay in ignition. This 
method was tested in practice and gave positive results. The circuit for applying a 
trigger pulse is comparatively simple and may be realized in different ways [4]. 
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FIG. 7. Method of increasing the operational reliability 
of an invertor. 
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FIG. 8. Network of a high-voltage inversion installation. 


Conclusion 


The measures discussed above were developed as a result of research, and they 
were applied and tested on one of the conversion installations of about 15 MW power 
working at 10 kV. The result was such that this installation, which previously could 
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not be put into operation, began to work normally. On the basis of these experiments 
similar measures have been undertaken on more powerful installations, where they al- 
so produced positive results. The system of advanced ignition was tested by the 
Direct Current Scientific Research Institute employees on the invertor. substation of 
the transmission line from Kashira to Moscow. 


Fig. 8 shows a complete network of a conversion installation with blocking re- 
actors and damping circuits, which — as experience proves — should be regarded as 
an indispensable attribute of a powerful conversion network. 


In carrying out the experimental part of this work the following persons partici- 
pated: N.M. Maslennikov, S.M. Luzhanskii, V.P. Nadgornyi, E.P. Shmarina. 
L.I. Luzhanskaia and I.V. Blond. 


Translated by S. Szymanski 
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CALCULATION OF CERTAIN TYPES OF COMPOUND 
EARTHING DEVICES * 


A.B. OSLON 


(Received 18 April 1957) 


For calculation of compound earthing devices it is customary to make use of 
utilization factors, which take into account the increase of the earthing resist- 
ance due to the mutual screening of elements of an earthing device. These fac- 
tors depend on many parameters (length, depth of earthing of the individual ele- 
ments, their mutual position etc). Nevertheless, in many cases, we may carry out 
calculations of earthing devices by using simple formulae, without regard to utili- 
zation factors. 


Consider a compound earthing device comprising n elements. Using the 
electrostatic analogy we derive a system of equations with coefficients of 


potential: 
Pps Orly- tiols Fae. ag f ne 
Po Aol, + Aoolo+...+4,,1,; 

: ) 

ere eee, we Oe, Sp 
where /,..._ are currents leaking to the earth from each element of the earthing 

device; 
a is coefficient of self and mutual potential; 
f:- - +P, are potentials of the elements of the earthing device. 


For the parallel connexion of the elements of the earthing device ¢, = ¢, = 
- = b, = d. Solving the system of equations (1) with respect to currents, we 


1,=9 (Bi, + Bio t...+68,,); 
I, = (Bo; + Boo -+...-+8,,); (2) 


oat ee Sen se Vicars) Fess mle’ <) +, ey 6 é 


I=? (Ba tBiot.. ost Baa) 
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Earthing resistance of the compound earthing device is: 


The determination of the coefficients of conductance is complicated in a general 
case, and, consequently, the calculation of resistance R by the formula is also 
complicated. This resistance is much more easily found if the currents in all 
elements of the earthing device are equal: 


Then 
Oa, ba,. +... +4, +... +4 
pp pegs Steeda Sh A (4) 


i.e. in this case resistance R can be found by dividing the sum of the coeffi- 
cients of any of the equations (1) by the number of elements n. 


If the currents of the elements of the earthing device are not équal to one 
another, but their corresponding ratios are lnown, for example 


I, : Tn 


then ay ideas ae rae 
Ree ee tp, Ata, B+... tap, +... +a,,N 5) 
ice > hag A+B+...-14+...4N : 


Thus, the problem of the calculation of compound earthing devices is reduced 
to the problem of finding the coefficients of self and mutual potential and the 
current distribution in the elements of the earthing device. Coefficients of self 
potential are usually much larger than of mutual potential, therefore there is no 
need for particularly exact determination of the latter . 


In the case of linear earthing electrodes, whose transverse dimensions are 
small in comparison with the longitudinal, the simplest way for calculation 
coefficient a is to use the method of mean potentials [1]. 


The determination of potentials by this method is carried out on the basis 
of two assumptions: 
(1) the current density is everywhere constant along the length of the conductors; 
(2)-the potential, acquired by the conductor J, in the field of the conductor 1,, is 
equal to the arithmetic mean of the potentials, produced by the field of the con- 
ductor /, at all points of the conductor l,. 


From the first assumption it follows that in a conducting medium of the 
resistivity p the potential of a point in the field of the linear conductor J, is: 


eas ts (eds 


RES del lor (6) 
ly 
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where /, is the current in the conductor J,; 
r is the distance from the element dl, to the point where the potential is 
to be found. 


According to the second assumption the potential of the conductor /, in the 
field of the conductor /, is equal to: 


> en oe dlydl, 
P= \ Mla = at | |S (7) 
lo ly ty 


The potential of the point A in the field of a rectilinear conductor (Fig. 1) is 
found in the following way: 


x 
pet yt ee 
4nl, r 4xl, Vrp ye 4nl Xytry’ (8) 
1, - xy 


where x, and x, are to be taken with their corresponding signs. 


r 
Since x= and Kooy slp 
2, 
we get 
a 
P = arly Inga,’ (9) 


where 2a = r, + r,, the sum of distances from the point to the ends of the 
conductor J,. 
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For the electrostatic field this expression has been derived [2]. 
From expressions (7), (8) and (9) we have: 


Bei 73 ee ok Bi ot} 
oe eae) geo Shei iD Vine dl, (10) 


I, 


or 


= p 2a+], 
co %21 = Sahil {! 2a—l, dl,. 
ls 


(11) 


The use of this or other formulae is only a matter of convenience for calculations. 


By using formula (2), let us calculate a,, between two parallel conductors 
of equal length (Fig. 2). In this case: 


i fee 
x+V+D? 


Hence 


: l DIN 25a 
ain ay sinh rol +1+7). (12) 


ee 
C2—=RD’ (12a) 


and for >3 we may assume, as a good approximation, that: 


a =37 In + 3 (12b) 
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FIG. 3. 


Let us apply formula (11) to find a,, in the case of the two conductors of 
the length 2/, situated in the same plane and intersecting at right angles in the 
middle of their length (Fig. 3). In this case 

L=1,=21; Qa= 2Y [2+ x?; 
p QV fx? + 21 
a In —————"—_ dx 
12 iniP ) 2y B+x2 —2l 


— 


(nt F 


16x VR+x2—1 
Assuming 
VPte = 
we obtain: 


pa ool > peeraay 
aig = Onl In (V2 + 1) => 0,88. (13) 


In many cases it is required to determine the coefficient of mutual potential 
a,, for two rays of equal length, diverging from a common point at an angle 8 
(Fig. 4). In this case: 
2+ V2—2 cos 
V2—2cosp (14) 


t12= 5 . Dar in 


In the case of two rays of different length diverging from a common point 
at a right angle (Fig. 5): 


ae ak! ie 
a= air (lo sinh" + hy sinh). (15) 


The derivation of formulae (14) and (15) is given in the appendices. 


The coefficient of self potential of a rectilinear conductor in a conductive 
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medium is: 


& 


sa | =~ In7, (16) 


where d is the diameter of the conductor [2, p.99]. 


FIG. 5. 


In calculating earthing devices, which are earthed to the depth ¢, the method of 
images is used, which differs from the analogous method in electrostatics in that 
images are of the same sign (direction of current flow) as conductors. The earth- 
ing resistance of the earthing device is twice as large as the value of the resist- 
ance, calculated by formulae (4) or (5) for a system of conductors and their images, 
since the current, flowing down the conductors of the earthing device, is equal 
only to a half of the current of this system. In future, symbols of quantities re- 
lating to images will be primed. 


The above considerations enable us to calculate earthing resistance of the 
following earthing devices: 


A four ray star (Fig. 3) By expression (4) and taking into consideration the 
above discussion, we get: 


U , ’ ’ 
rr i Fy tey+o15 aa + 2p AAy2 +249 
ed ee ae =. ida th eee 


Here a,,, a’,, and a,, are determined on the basis of expressions (16), (12b) and 
(13). Hence also assuming a‘,, = a,,, we get: 


joe ayy + ay) +-2a42 ek 4(V2 +1)42 a 
8xl = 


2 dt 
Py 138? 
TFALSRE 5 
The exact calculation of a’,, gives: 
/ 2 4p2 ) 
ge Pty VORP ot R 


12 nl vipa ft OV opp * 
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For 10 


l 


(oS 
115 oy 0.85, 


12 


i.e. the difference between a,, and a’,, is about 3 per cent. 
Denote the sum of the lengths of the earthing conductors by L. Then L = 4l, 
and 
Sp. 9B 4512 
Sab. tata (17) 


A right-angle For a right angle consisting of two horizontal rays, each of 
length J, the earthing resistance is: 


, , 
04, + 24, +4124+249 
a ee 


where 
2nl d = ar 
For B = 90° from the expression (14) we get: 
a= a7 In(¥2+ 1). 
Assuming a‘, = a,,, we get: 


2 +1)/2 g 1.4612 
pny eee ie (18) 


A three ray star In this case 


4, ag + 2ayg + dys 


For B = 120° formula (14) gives 


es eee eek 
Reese dha aapal ge ee 
For @ six-ray star similarly we get 
ei pea Byte Ta, 


For a square: 


(21) 
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For a rectangle:Denoting the long side of the rectangle J, and the short one 


l, and assuming : ; 
1 1 


by formula (5) we get: 
eset ey, ey 
mas ei! Aba In gi, 89 


phy \ E 
+4 ial (1, sink’) eg l, sink i) is 


Se ( sink = V (ey+! (z)+1 +2] = (22) 


t oe 4 eee 
=f |03 +23 + (sink hee. ae 


42 ( sink" ae (2) 41 +2] | 


Expressions (17) -(22) can be represented in a general case by the formula 


p “oe 
R=57 In3. (23) 
In formula (23) the value of K depends only on the configuration of the earthing 
device. 
For different types of earthing devices the values of K is given in Table 1. 


TABLE 1. 
Earthing Earthing Earthing 1, 
device K device device in K 


* 4xD? . . . 
eee sap Lorri where D is the diameter of the circle [4] , 


+** For-D>5t. 
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The error, due to the assumption a,, = a’,,, is significant only for l/t < 10. 

| The values of earthing resistances calculated by formula (23) are 3-5 per cent 
greater than those calculated by means of utilization factors. This is due to the 
fact that in calculating utilization factors we used less exact methods for de- 
termining the mutual influences of the elements of the earthing device [3]. 


: Appendix 
~ (1) Derivation of formula (14). 
We make use of formula (11). In our case (Fig. 4). 


Qa =x 4+V x2 + [2 — 2x1 cos 8. 


We denote: 

x2 4 2 —2xl cos 8 = X. 
Then 

l Pi 
p e+ V X41 
i Ll 
= aa [[ e+ VE +9 d2—[ no -VX—par]. 
§ | 

Putting: 


du=dx, v=iIn(x+VX+)D), 


we evaluate each integral by parts: 


l 
[me +V E40 dx— [ene $V ¥ +) — 
0 


*+VX—lIcos 8 


= MAC EVT LO oe 2 — 2 cos )] — 


i 
{me +VR—pdx—t In (1 V2 — 2cos f) — 
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Subtracting the second integral from the first we get: 


l l 


x+VX+41 | ment 2+ V2—2cosf 1 ax 
ese =r a, PST, Vx 
ine 22008 8 Need 
rr V2—2cos$ 1— cos 
— 91 2+V 2—2cos8 
nee V 2—2cosé 


Substituting the expression obtained into formula (11), we get formula (14). 


(2) Derivation of formula (15). For this case (Fig. 5). 


2a=x+V x24 7 
Sees e 
elation Been [ fine 


ly 


p oO 
12 = anh {i en 
i ey as wigs My; 4rl,l, ; 


le 
+V 84H +H) dx— line + Vet h—yar]. 
0 


As in the previous case, putting du = dx; v = In (x + Wo24 P +1) 
and evaluating each integral separately, we get: 


ls ——— 
5 ee 
(ie A Ee, eae Sie ae 


§ *«+Vx24R—-1, k—L+V BEE 
ly 


dx | 1 
Ay, | ee a ee ees 


Translated by S. Szymanski 
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SERVICE TESTS 


A METHOD OF CALCULATION OF MECHANICAL CHARACTERISTICS 
OF ASYNCHRONOUS MOTORS UNDER CONDITIONS OF DYNAMIC BRAKING * 


A.G. MIRER 


Central Scientific Research Institute for Machine Technology 


Generally accepted methods of calculation of mechanical characteristics of dynamic 
braking do not give a clear idea how the characteristics vary when the excitation cur 
rent varies (direct current in the stator winding). 


In this article a method of calculation of a family of mechanical characteristics 
for dynamic braking is given; these characteristics allow a proper choice of the ex- 
citation current, corresponding to the required characteristic. 


Certain relationships which determine the operation of an asynchronous motor 
under conditions of dynamic braking form the basis for the calculations: 
E, =! X3 (1) 
l tog Eys : 
a 
VRE + x57s? 
Mera 12 De 
1=f+i, meee SiN po; (3) 
5 
V R34 xp 


IyRe 
M292 ngs? (5) 


(2) 


Sin 9, = 


(4) 


where E, is the e.m.f. of the rotor phase, reduced to the stator winding; // is the cur 
rent of the rotor phase reduced to the stator winding; ly is the magnetizing current; 
x, is the reactance of the magnetizing circuit; Je is the alternating current of the 
stator phase, equivalent to a direct current inducing in the stator winding the same 
m.m.f; ns is the synchronous speed; s is the slip; x, is the reactance of the rotor 
phase reduced to a stator winding; R; = r; + Rg is the total resistance of the rotor 
phase, comprising the winding resistance r, and additional resistance rg, all reduced 
to the stator winding. 
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Under conditions of dynamic braking, the magnetic flux of the machine depends 
to a considerable extent on the speed of rotation, in consequence the calculation of 
dynamic characteristics neglecting the influence of saturation, leads to inadmissible 
errors. For calculation, the magnetization curve of the machine E;= fp) or the re- 
lationship xy = f(1,,) must be known. If these data are not available we can make 
use of universal curves [1, 2]. In contrast to the generally accepted methods of cal- 
culation, which consists of the solution of the simultaneous equations (1)-(5), we 
shall choose a set of values of the magnetizing current /,,1, J,9,-. «; Iyn and cal- 
culate for each chosen value the values of /7; M and /, ee different values of slip 
Sis So gee Sia 


FIG. 1. Curves showing the torque M as a function of the equivalent current /,. 


Using these data we may plot the relation- 
ship M = f (Ie) for every value of slip s,, s:, 

. + » Sm Fig. 1 shows such graphs calculated 
for a short-circuited motor of type MTK- 12-6. 
The graphs so obtained give a clear idea of 
the family of mechanical characteristics of dy- 
namic braking, and they enable us easily to 
construct characteristics corresponding to any 
equivalent current, since the ordinates of these 
curves, for given values of /¢, give the values 


10 (kgm) . 2 
of torques for slips s,, s,,..., Sm (Fig. 2). 
FIG. 2. Mechanical chracteristics of q gaat aaa ate ( 8 ) 
the dynamic braking of a motor of For motors with a phase rotor we have to con- 


the MTK- 126 type. struct curves M = f(/,) for short-circuited rotor 


rings (rg = 0), from which it is easy to find cor- 
responding natural mechanical characteristics of dynamic braking. The artificial 
characteristics for rg 4 0 are determined from natural ones by simple recalculation: 
s’= s. R;/r; for M = constant and /, = constant, where s’ and s are the values of slip 
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for the required artificial and given natural characteristics respectively. 


Relationships M = f(/¢), when once calculated for a certain given type of motor, 
may be introduced as the catalogue data, in a similar way as for working characteris- 
tics, so as to be used for calculation of mechanical characteristics of dynamic braking. 


Translated by S. Szymanski 
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EXPERIMENTAL DETERMINATION OF PARAMETERS OF ELEMENTS 
OF AUTOMATIC CONTROL SYSTEMS* 


S.la. BEREZIN 


Leningrad 
(Received 11 December 1957) 


For theoretical investigation of automatic control systems it is necessary to know 
the parameters of the individual elements of these systems. At present many methods 
for the determination of the parameters of automatic control systems exist Baa e 


The majority of these methods are cumbersome, and do not permit the determina- 
tion of the parameters of elements which are characterized by differential equations 
of an order greater than the second. In finding these parameters we also assume that 
the order of the differential equation of the element is known. 


The most widely used method of experimental investigation of automatic control 
systems is the frequency method, owing to its many advantages, which are described 
in [3]. In using frequency characteristics for finding the parameters of an individual 
element of automatic control systems it is very convenient to make use of inverse 
amplitude-phase characteristics, because this permits a considerable reduction of 
the time required for calculations. The inverse amplitude-phase characteristics of 
the elements under investigation can be obtained by one of the known methods, for 
example, those discussed in [3]. 


The inverse transfer function of an aperiodic link of the first order is of the 
form : 


Y (p) -% (1+ Tp), q) 


where K, is the amplification factor of the link; T is the time constant of the link. 
For a sinusoidal disturbance at the link input 


1 
Y( jo) =— (1+ Tj) 
0 
the inverse amplitude-phase characteristic of the first order aperiodic link is a 
straight line parallel to the imaginary axis and passing it at a distance 1/Ko (Fig.1). 


To find the time constant of the first order aperiodic link it is sufficient to find 
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experimentally the phase of the vector of the inverse amplitude-phase characteristic 
for one frequency, say @j. 


From Fig. 1 it follows that 


goes tan @ = To; 


h 
ence a tan ¢ (9) 


Oj 


The amplification factor of the link can be determined by meters or from the experi- 
mentally found amplitude and phase of the vector of the inverse amplitude-phase 
characteristic for the same frequency : 


gee 


tt) 


= OA cos ¢ 


hence 1 
Qo 
- OA cos @’ (3) 
where OA is the amplitude (modulus) of the vector of the inverse amplitude-phase 
characteristic @;. 


To check the accuracy of the parameters so found it is recommended that calcu- 
lations should be repeated for other frequencies. 


If the parameters found for various frequencies differ considerably one from 
another, and points A; of the inverse amplitude-phase characteristic do not lie in the 
straight line, this will prove that the link in question is not a link of the first order. 


FIG. 1. The inverse ampli- 

tude-phase characteristic of 

an aperiodic link of the first 
order. 


FIG. 2. The inverse amplitude- 
phase characteristic of a link of 
the second order. 
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The inverse complex transfer function for the second order link (aperiodic or 
oscillatory) is of the form: 


Y (ja) = (l + T, jo — T,w?). (4) 


w= 285 rad/sec 2 ~ ae @ = 19,] rad/sec/“ 
“ a = ve / 
ries TEEN ZAUN / 


\ 
ied Ob (Pe ELS 
2 S iu zf =f s\s \ / 
RISES 5 area eR YS eh 
TS Se eet a ey eiuattPeiy.  Le\eee me ae 
NaniSS: 52° nb ‘ \ / y 
\ XX \ “ \ . ; y 
3 LP nas / Vo te 
ee eS QTsec yon sa i ees 
~ 
ee eS or Qisec Ne 
w=/,98 rad/sec weMbjrad/sec 7 = 
a 4 id \ 
ye Pi: SV 
y - re ~ 3 ‘e\ 
i \ 
N6.42° Dae i eA ae ai any 
<a Y3B \ \ 
. NN ERT. \ \ 
SS NS ow x 
——7@0sec—-4 et, G7 sec <a £ 


FIG. 3. Curves of the variation of the input and output signals in the presence of sinusoidal 
disturbances at the input to the element under investigation. 


The inverse amplitude-phase characteristic for this link is shown in Fig. 2. This 
characteristic lies in two quadrants. 


From Fig. 2: eras -11Qi LOA Ke 
ame Oh KOA Toa —sin d. (5) 


The amplitude OA and phase ¢ are found from the inverse amplitude-phase 
characteristics, which were experimentally determined for the frequency «j. 


(1 — T,?) 
i Se eR ae 6 
Sag Or, © 
Benes Ts eee — Ky.OA cos $). (7) 
Os 
i 


The calculation of the constant 7, can be carried out in a different way. From 


the triangle OAB (Fig. 2): AB eee 
1WL 
opeismc: Ne: 
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hence T. = 1 qT, (9) 
any o; @; tan m9 


The calculation of 7, can be considerably simplified, if we determine experi- 
mentally the frequency for which the inverse amplitude-phase characteristic inter- 
sects the imaginary axis (f = 90°) (the real part of the characteristic is zero) : 


LG Tae hee (10) 
Ko U @; 
In this case, for a known modulus we have: 
T. = OA.Ko (11) 
1=-—-—. 


Oy 


If the amplitude-phase characteristics are recorded at low frequencies, then, 
with an accuracy sufficient in practice, we may assume that 


re 
and then: : 
T; ‘ ae (12) 
@1 
E ; 
T, =—; (1 — cos ¢). (13) 
@., 


i 
But in this case, the accurate determination of the phase value is rather difficult. 


In certain cases the preliminary determination of the amplification factor of the 
element in question is connected with many difficulties. Therefore, the determination 
of the parameters of this element from two points of the inverse amplitude-phase 
characteristic, obtained experimentally, may be recommended. 


For example, if $,, ¢,, OA, and OA, are determined experimentally, then from 
(6) we find: ‘ 
2 


Ke oe EE Fy Se 
0 cos 9,0A, ? cos #,0A, cos #20A,—* ? cos 20 AQ’ 


hence 


rT, — —£98 ~;OA, — cos 9,0A, 
 w2cos 9,0 A;— w? cos ¢,O0A (14) 
2 1U “4 1 F294 2 


or 


B,—B 
i hs = 1 2 
2 By i By : (14a) 


where B, = OA, cos ¢,; B, = OA, cos ¢,, the real parts of the vector of the in- 
verse amplitude-phase characteristic for frequencies w, and @,. 


The calculation of the constant 7, can be made by formula (8): 
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tan 
(cee I Fat). (15). 


The amplification factor of the link is most easily found by expression (5): 
T ,@j 


oe 
F OA; sin dj 


(16) 


To check the accuracy of the values of the parameters thus found it is advisable, 
as in the first case, to repeat the calculations for certain other frequencies. 


If from experimental determination of the amplitude-phase characteristic it follows 
that the phase is near to 180°, it then proves that the order of the link in question is 
higher than two, and the inverse amplitude-phase characteristic for high frequencies 
will lie in the third quadrant. The electric integrator MPT -9 was used to verify the 
accuracy of the above method for determining the parameters of the elements of an auto- 
matic control system. By means of the integrator several points of the amplitude- 
phase characteristic were obtained for a given element characterized by the equation: 


1 
Go) pe Epa Ae 


Fig. 3 shows the curves of variation of input and output signals in the presence 
of sinusoidal disturbances at the input to the element under investigation for fre- 
quencies 1.96, 9.86, 14.6, 19.1 rad/sec. The results of the analysis of the oscillo- 
grams and of the performed calculations are shown in Table 1. 


TABLE 1. 
» A 
ees 9 (9) ’ | As | ee) f (sec?) 
1.96 6.42 0.1 0.057 1.56-10-3 
9.86 32 USO 0.0603 5.14.10-4 
14.6 43.8 0,127 0.06 4.7-10-4 
19.1 53.6 0.142 0.06 4.7-10-4 


— 


Note, Calculations of T, and T, were carried out by the approximate formulae (12) and (13). 


The results of these calculations prove the high precision of the method proposed 
for determining the parameters of the linear elements of automatic control systems. 


The error in determining the parameters is smallest for sufficiently large values 
of ¢ and A,/A,; i.e. in the region of high frequencies. Therefore, the determination 
of parameters should be carried out from the amplitude-phase characteristics recorded 
for high disturbing frequencies. 


Translated by S. Szymanski 
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